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AUTHORS 


Abstractions 


LAST AUTHOR 

DNA molecules can 

be folded to create 
arbitrary two-dimensional 
shapes, such as smiley 
faces and stars (P. W. K. 
Rothemund Nature 440, 
297-302; 2006). This 
pioneering discovery by Paul Rothemund 

has inspired many, among them Jorgen 
Kjems, a molecular biologist at Aarhus 
University in Denmark. He and his colleagues 
set out to see whether they could translate 
Rothemund's ‘DNA origami’ into three 
dimensions (see page 73). Kjems tells Nature 
about prompting DNA molecules to self- 
assemble into a hollow, nanometre-scale box. 


How did you get DNA molecules to form 

a box shape? 

All single-stranded DNA molecules can 
self-assemble, or direct themselves into 

a particular structural configuration. We 
first used a computer program to predict 
what sequences to synthesize that would 
direct the molecules to assemble into this 
structure. Then, we used one long, naturally 
occurring molecule from a virus, and about 
220 short artificially synthesized molecules 
that bound to the long molecule to build a 
box 42 by 36 by 36 nanometres. This method 
can be used to assemble any shape — our 
DNA box is just the beginning. 


Can you put anything into the box? 

It may be possible to put an enzyme into the 
box that produces a signal only when the lid 
is open and the substrate becomes available. 
The box could effectively become a sensor 
to signal the presence of a gene froma virus 
or a bacterium, for example. We are also 
experimenting with hiding a drug in the box 
that can kill a cell when the box opens. And 
we think that the box could potentially be 
used to make simple arithmetic calculations. 
Thus, if you have many boxes, you can 

make very complicated calculations — 

or effectively create a DNA computer. 


Were there surprises along the way? 
What surprised me is that nature can 
direct self-assembly so nicely. | still don’t 
understand how the process actually works. 
The biggest struggle we faced was working 
with the DNA itself. DNA isn’t very stable 
because it is easily degraded by enzymes, 
which tear it into pieces. We're working on 
trying to use unnatural building blocks, by 
chemically altering the nucleotides that 
make up DNA, to make these structures 
more stable. 


Is this a popular field? 

Yes. We just managed to be the first group 

to publish a complex three-dimensional 

DNA structure — there is a wave of similar 
experiments going on worldwide. This is 
intriguing enough that you'd say, ‘let's try it.’ m 


MAKING THE PAPER 


Hendrikje Nienborg & 
Bruce Cumming 


The brain ‘tampers’ with incoming 
sensory data to fit expectations. 


Our brains decipher a wealth of sights, sounds 
and other sensory information to allow us to 
make sense of our environment. But interpret- 
ing sensory inputs isn’t always straightforward, 
as anyone who has stared at the infamous 
‘young girl-old womar illusion knows. Hen- 
drikje Nienborg and Bruce Cumming, working 
at the National Institutes of Health in Bethesda, 
Maryland, have now discovered that the brain 
‘tampers’ with the signals it receives to favour 
one interpretation over another. 

Signals from sensory organs activate sensory 
neurons, which in turn relay those signals to the 
brain areas that decode them and act upon the 
information provided. Researchers have known 
for more than a decade that the activity of sen- 
sory neurons varies not only in response to a 
particular stimulus, but also according to how 
the brain ultimately interprets that stimulus. 
“Imagine you are walking in thick fog, looking 
for a friend wearing a green leather jacket,’ says 
Nienborg, who was a postdoc in Cumming’s 
lab before moving to the Salk Institute for Bio- 
logical Studies in La Jolla, California. “When a 
blob appears in front of you, you have to decide 
whether or not the blob is a green jacket.” The 
activity of the sensory neurons will vary depend- 
ing on whether the decision is ‘yes’ or ‘no. 

The widely accepted explanation for such 
variation is that sensory neurons have a role in 
decision-making. To test this idea, Nienborg 
recorded the electrical activity of individual 
sensory neurons in two monkeys as the animals 
performed a simple task. Each monkey was 
shown a series of dot patterns on a computer 
screen, and had to decide whether the centre of 
a circular pattern was protruding or receding. 

The work, which provided a detailed descrip- 
tion of the sensory neurons activities during 


Hendrikje Nienborg (left) and Bruce Cumming. 


the course of each trial, was painstaking. “One 
downside of the technique is that it requires a 
lot of data, so we had to do many, many trials 
for each neuron,’ says Nienborg. Although indi- 
vidual trials took only a couple of seconds, the 
monkeys performed between 800 and 900 trials 
for each neuron studied. And the data generated 
were not always of sufficient quality. “You could 
find out at the end ofa week of recording all day, 
every day that you did not have any data,’ says 
Cumming. “On the other hand, the next week 
you could have recordings from five neurons.” 

In the end, they were able to analyse data 
from 76 neurons. But the results were not con- 
sistent with the conclusion that sensory neu- 
rons have a direct effect on decision-making 
(see page 89). Instead, Nienborg and Cumming 
concluded that brain areas involved in decision- 
making are sending signals to sensory neurons, 
altering their activity. “What we have shown is 
that the brain changes the sensory input,” says 
Cumming. “In a way, the brain is tampering 
with the data.” To explain the findings in terms 
of the fog analogy, Nienborg adds: “What this 
means is that if we expect to see a green jacket 
we are more likely to see a green jacket”. 

From an evolutionary perspective, this might 
indicate that, when faced with uncertain sensory 
information, it is better to commit to one inter- 
pretation or another than to hesitate. If you aren't 
sure where a predator is coming from, “it might 
be better to make the decision to run left and get 
it wrong 50% of the time than to just stand there 
and get killed every time’, saysCumming. & 


FROM THE BLOGOSPHERE 


When it comes to measuring 
the challenges of the ‘human 
dimensions’ of climate change, 
it seems social scientists will 
be taking centre stage. That 
was a key opening message 
from the International Human 
Dimensions Programme 

on Global Environmental 
Change Open Meeting in 
Bonn, Germany, 26-30 April, 
reports Anna Barnett on the 
blog Climate Feedback (http:// 


tinyurl.com/ceekvx). 

Barnett, assistant editor of 
Nature Reports: Climate Change, 
caught up with one of the 
keynote speakers, physicist 
Hans Joachim Schellnhuber, at 
a coffee break. He told her that 
physicists can describe climate 
threats increasingly vividly, but 
that it’s up to social scientists to 
figure out how we bring about 
massive economic and social 
transformation. 


For example, the technical 
problems with transferring 
solar power from the Sahara to 
Europe are already solved. It's 
the lack of legal frameworks, 
intergovernmental agreements 
and international will that 
stands in the way, Schellnhuber 
said. He urged social scientists 
to take the lead and to rethink 
their research scales from 
the local case study to globe- 
spanning projects. a 


Visit Nautilus for regular news relevant to Nature authors } http://blogs.nature.com/nautilus and see 
Peer-to-Peer for news for peer reviewers and about peer review } http://blogs.nature.com/peer-to-peer. 
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Between a virus and a hard place 


Complacency, not overreaction, is the greatest danger posed by the flu pandemic. That's a message 


scientists would do well to help get across. 


new, swine-flu-related H1N1 strain of influenza in people in 

North America, with sporadic cases elsewhere in the world, 
has left the US Centers for Disease Control and Prevention (CDC) 
in Atlanta, Georgia, and the World Health Organization (WHO) in 
Geneva in an unenviable position. 

For more than a week now, these two agencies have been holding 
daily media briefings to keep the world informed about the rapidly 
unfolding story. There is ample reason for concern: a new flu virus 
has emerged to which humans have no immunity, and it is spreading 
from person to person. That has happened only three times in the 
past century. The pandemics of 1957 and 1968 were mild in most 
people but still killed many, and that of 1918 — which also seemed 
mild in its early phases — killed at least 70 million people worldwide. 
As Nature went to press, the WHO had already upped its pandemic 
threat level from 3 to 5, and a final step to its highest level of 6 — a 
global pandemic — seemed only a matter of time. 

Yet at this early stage, the consequences of the pandemic are so 
uncertain that communicating the risks is a delicate matter. Influenza 
viruses evolve rapidly, making it extremely difficult to predict what 
this strain might look like a few months from now. If the agencies 
alert people and the pandemic fizzles out, they will be accused of hyp- 
ing the threat and causing unnecessary disruption and angst. Indeed, 
just such a media backlash is already beginning, because most cases 
so far have been mild. But if the agencies downplay the threat and 
an unprepared world is hit by a catastrophe on the scale of 1918, the 
recriminations will come as fast as you can say “Hurricane Katrina’ 

To their credit, the WHO and the CDC have avoided the kind 


[) amned if you do, damned if you don't. The emergence of a 


of falsely reassuring officialese that has too often accompanied past 
crises. As Peter Sandman, a risk-communication consultant based 
in Princeton, New Jersey, aptly puts it: “Anyone whos paying atten- 
tion gets it that we just don't know if this thing is going to fizzle, hang 
in abeyance for months, disappear and then reappear, spread but 
stay mild, replicate or exceed the 1918 


catastrophe, or what. The reiteration of “The risk is 
uncertainty and the insistence on what not hyping the 
that means — e.g., advice may change; pandemic threat, but 


local strategies may differ; inconsisten- 
cies may be common — has been almost 
unprecedentedly good.” 

Also encouraging is that many governments now have at least some 
kind of pandemic plan in place, thanks to the scare over the HSN1 
avian flu virus earlier this decade. Five years ago very few of them 
did. But many of those plans contain an important element that has 
been conspicuously absent in the current communication by govern- 
ments and public-health authorities: during a severe pandemic, there 
is only so much they can do. Much of the response will depend on 
local communities taking action for themselves. 

Scientists can help, by serving as credible voices to inform their 
communities of the risks and uncertainties, and by pointing people 
to the pandemic-planning resources on the CDC and WHO websites, 
the PandemicFlu.gov site, and many others. For the moment, the risk 
is not hyping the pandemic threat, but underplaying it. We know a 
tsunami is coming. No one can say whether it will be just a large wave, 
or a monstrous one, but it is time to start thinking about at least being 
ready to move to higher ground. rT] 


underplaying it.” 


Keep to the vision 


The United States should not try to keep its space 
shuttles flying beyond 2010. 


erhaps the most memorable achievement of the US space 
P shuttle fleet was Endeavour’s first servicing mission to the 
Hubble Space Telescope in December 1993. Here was some- 
thing that only humans in space could achieve — the gentle snag- 
ging of the satellite with the shuttle’s arm; the five spacewalks to 
install corrective optics, new instruments, gyrosocopes and solar 
panels; and finally, the release of a clear-eyed telescope capable 
of discerning finer details, deeper in the cosmos, than any other 
telescope in history. 
On 11 May (see page 21), the space shuttle Atlantis is scheduled 
to make what is not just the last trip to the Hubble, but also the last 
space-shuttle trip to any destination other than the still-rather- 


pointless International Space Station, which is due seven more 
visits before shuttle flight operations cease in September 2010. 
As such, the Hubble flight marks — or should mark — the end 
of an era. Unfortunately, Congress has started making moves to 
keep the shuttle flying into 2011. The administration of President 
Barack Obama should resist this idea — and at the same time, take 
the opportunity to state more clearly its objectives for NASA and 
human spaceflight. 

The “vision for space exploration” articulated by former US pres- 
ident George W. Bush in 2004 called for the shuttle to be replaced 
by an all-new system, now called Constellation, in which human 
crews would ride into space inside a bell-shaped Orion capsule 
mounted atop an Ares rocket. Constellation is in some ways a 
reconceived version of the Apollo infrastructure, and as such can 
seem technologically retrograde. But unlike the shuttle, it opens 
up the possibility of missions beyond low-Earth orbit — missions 
to the Moon, nearby asteroids and perhaps Mars. 
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Ifa nation must have human spaceflight — and it seems that, in 
terms of practical politics, the United States must — then travel 
to such interesting places seems the best of the available goals. 
That makes Constellation the way forwards. There is, however, 
a significant gap between the last shuttle flight next year and the 
first launch of an Orion capsule to the space station, which might 
not take place until 2015. Such a gap was planned; indeed, it was 
one of the space vision’s braver aspects, recognizing that creating a 
new system while running the old one was not a viable option. Yet 
delays in Constellation’s development mean that the gap is getting 
longer, leaving the United States dependent on Russia to deliver 
people to the space station in the interval. That perceived ignominy, 
combined with the job upheaval threatened by the demise of the 
shuttle, seems to some in Congress a reason to stretch out the shut- 
tle’s old age. 


It is not. The basic logic remains sound: closing one human 
spaceflight operation before the next is functional saves money 
and ensures focus. NASA’s next administrator, whenever he or she 
is finally named and confirmed, should be free to concentrate on 
meeting the goals that Constellation was designed for — without 
the distraction of also having to drag out the shuttle programme. 

That administrator should also make it clear that human space- 
flight, although a huge part of NASA's legacy, is not the overarch- 
ing justification for the agency’s existence. NASA also has a great 
deal of urgent work to do in studying Earth from orbit — and in 
providing new visions of the Universe beyond Earth. Servicing 
the Hubble might have been the best thing the shuttles did. But 
the images and knowledge provided by the Hubble, more than the 
mostly routine missions of the shuttle, are closer to the essence of 
what the space programme is there for. 2 


Doing good, 50 years on 


Its attack on poverty and arrogance is what makes 
C. P. Snow's ‘two cultures’ lecture relevant today. 


// 


did not expect much. Plenty of people were saying similar 
things. It seemed to me to be a time when one should add one’s 
voice.” Thus did the English scientist-turned-administrator- 
turned-novelist Charles Percy Snow recall his anticipations 50 years 
ago today, when giving his 1959 Rede lecture on ‘the two cultures. But 
by the time of his 1964 essay “The Two Cultures: and a Second Look, 
it was clear that a nerve had been struck in many countries. 

Many aspects of his lecture refer to a time long gone. Its attack 
on the lack of intellectual interest in the world of applied science 
and trade can hardly be said to apply now in his home country, 
transformed as it has been in its attention to technology transfer 
and investment. Michael Frayn, Tom Stoppard, John Updike and 
others have shown, in vivid and diverse contrast to his era, how the 
literary imagination has been fired by science (see page 34). 

Many senior policy-makers might still have difficulty in recit- 
ing the second law of thermodynamics — Snow’s notorious test of 
essential and neglected scientific awareness. But, thanks to exten- 
sive public discussion and access via the Internet, a great many of 
them are well aware of what research has to say about issues that 
immediately concern them, in climate, stem cells and much else. 

Indeed, the boundaries between the arts and the sciences — and 
between the sciences themselves — are more porous than ever. 
Yes, multidisciplinarity poses some substantial challenges in some 
domains (see page 32), especially when it comes to training. But 
those who bring disciplines together in the pursuit of scientific and 
technical answers find that the best people to have on board are 
those with deep specialized knowledge, and that such individuals 
can usually find a place in well-led collaborations. 

One seldom-discussed aspect of Snow’s talk is his discussion of 
the rich and the poor — a subject he subsequently wished he had 
expressed better. “With good fortune,” he wrote in his 1964 essay, 
“we can educate a large proportion of our better minds so that they 
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are not ignorant of ... the remediable suffering of most of their fel- 
low humans, and of the responsibilities which, once they are seen, 
cannot be denied.” 

It is in this territory alone that Snow’s lecture truly has an edge 
today. On the one hand he would have celebrated the descendants 
of the physicists such as Ernest Rutherford whom he insightfully 
wrote about elsewhere — the purest of the pure in their scientific 
goals. The combination at CERN — Europe’s particle-physics labo- 
ratory near Geneva, Switzerland — of world-class engineering with 
ambitions to seek deeper levels of the laws of nature would have 
inspired Snow. 

Yet Snow would not have approved of the narrow- mindedness of 
some researchers who consider the significant costs of their work to 
be no more than their due from society, 
nor of their blind resentment when its 
value is questioned. Nature champions 


“Nature champions 
expensive science 


expensive science that seeks to answer that seeks to answer 
the deepest questions about matter the deepest questions 
and the Universe. But it also endorses a 

about matter and the 


spirit, as expressed in the final chapter 
of “The Two Cultures’ that gives just as 
much priority to scientists’ responsibil- 
ity to address humankind’s most pressing problems. 

What Snow urged in particular was an awareness of the problems 
of poor countries — and of putting scientists at the disposal of 
solving those problems, for reasons both moral and strategic. He 
expressed the disparities between rich and poor countries in terms 
of average lifespan. Those disparities may have shrunk but are still 
unacceptably large. Today’s global threats may make them worse. 

Snow’s overriding messages — whether about awareness of artis- 
tic and scientific experience or about the applied sciences or about 
‘remediable suffering’ — was that the best and the brightest should 
not be blinkered. That message still has resonance. Narrow-mind- 
edness and any intellectual arrogance that lies behind it remain as 
unforgivable now as they were half a century ago. 7 
Join the debate at Nature Network at www.tiny.cc/opinion191 to add your 


Universe.” 


views and comment on these articles. 
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Now hear this, or not 


PLoS One doi: 10.1371/journal.pone.0005413 (2009) 
Although many mammals can hear very high 
frequencies, other vertebrates are less au fait with 
ultrasound. 

Victoria Arch, of the University of California, Los 
Angeles, and her colleagues now report that a frog 
from Borneo, Huia cavitympanun,, is the first non- 

* mammalian vertebrate discovered to communicate 
with calls purely in the range above 20 kilohertz, which PS 


T. ULMAR GRAFE 


no 


is about the upper limit of human hearing. This species 

. had been known to produce these ultrasonic calls, and 
when playing them back in the field, the team found , 
that male frogs nearby increased the frequency of their = 


calls in response. 


On examining the frog's brain and ears, the 
researchers showed that its hearing was most 


sensitive above 20 kilohertz. 


Psychosis genes exposed 


Science 324, 605 (2009) 
Scientists in Germany have provided the 
first evidence that genetic risk for psychotic 
illnesses is linked, at least in part, to abnormal 
connections between different brain areas. 
Andreas Meyer-Lindenberg of the 
University of Heidelberg and his colleagues 
studied 115 healthy people with or without a 
particular variant of the gene ZNF804A. The 
variant has been identified in genome-wide 
association studies as possibly conferring a 
small risk for developing schizophrenia or 
bipolar disorder. The authors performed 
brain imaging while volunteers carried out 
cognitive tasks relevant to these disorders. 
The team found that although the risk gene 
does not influence the strength of activation 
in various brain areas, connectivity between 
some areas is either reduced or increased in 
risk-gene carriers — in a pattern reminiscent 
of that seen in patients. 


HIV at the gates 


Cell 137, 433-444 (2009) 
HIV enters human cells through a more 
complex pathway than previously predicted. 

Researchers had long thought that HIV 
binds to cell-surface receptors, and then fuses 
directly with the cell membrane, dumping its 
dangerous payload into the cell within about 
10 minutes. 

Gregory Melikyan and his colleagues at the 
University of Maryland School of Medicine 
in Baltimore show that successful infection 
includes an additional step, in which the 
virus becomes enveloped by membrane and 
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internalized by the cell through a process 
called endocytosis. Thirty minutes to an 
hour can pass before the virus fuses with 
the internalized membrane and delivers its 
genetic material. 

The findings may necessitate re-evaluation 
of drug candidates meant to block HIV’s 
entry into cells. 

For a longer story on this research, 
see http://tinyurl.com/d5nuze 


Chemo's modus operandi 


PLoS Biol. 7,e1000091 (2009) 
The chemotherapeutic 5-fluorouracil has 
been a first-line treatment for diseases such as 
colorectal cancer for decades, even though it’s 
not clear exactly how the drug works. 

In cells, 5-fluorouracil is converted into 
several metabolites that mimic the natural 
RNA base uracil. The metabolites inundate 
the cell, some becoming incorporated into 
RNA and even DNA in dividing cells. Uracil 
in DNA activates a family of DNA-repair 
proteins devoted to removing it, 
but the unnatural 5-fluorouracil 
triggers incomplete repair, 
causing an accumulation of 
strand breaks in the DNA and 
eventual cell death. Primo Schar 
of the University of Basel in 
Switzerland and his colleagues 
examined mouse and human 
cells responding to the drug 
and identified thymidine DNA 
glycosylase (TDG) as the uracil- 
removing protein responsible for 
the breaks. Without TDG activity, 
cancer cells become more resistant 
to the drug. 
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Reef repair 


Restor. Ecol. 17, 192-195 (2009) 
Some large marine sponges, such as the 
barrel sponge Xestospongia muta, can live 
for hundreds of years. But when dislodged 
from the reefs they inhabit by storms, ship 
groundings or fishing lines, these organisms 
have little chance of reattaching naturally. 
Steven McMurray and Joseph Pawlik of the 
University of North Carolina in Wilmington 
have stumbled across a new method of 
reattaching them that could be useful in 
conservation efforts. 

The duo skewered sponges with two 
perpendicular steel rods, then secured 
the rods to bases made from PVC piping, 
concrete and mesh that had been nailed to the 
reef’s limestone bed (pictured below). The 
method, designed for temporary experiments, 
surprised the researchers by helping half of the 
40 transplanted sponges to reattach, despite 
three passing hurricanes. The apparatus was 
removed once attachment was complete. 


S. MCMURRAY, UNIV. NORTH CAROLINA, WILMINGTON 


MATERIALS SCIENCE 


Conductors with a twist 


Nature Mater. 8, 421-426 (2009) 

Discotic liquid crystals are flat-cored organic 
molecules that stack in twisting, electron- 
conducting columns. They are used in 
photovoltaics and field-effect transistors. The 
best discotic species currently in use make 
stacks with a twist angle of 30°, but calculations 
show 60° to be optimal for conduction. 

Klaus Millen and Denis Andrienko of the 
Max Planck Institute for Polymer Research in 
Mainz, Germany, and their colleagues have 
synthesized a new molecule with a 60° twist. 
This doubled electron mobility, and through 
molecular dynamics simulations, the authors 
show that removing defects in the stacking 
structure could push that value higher. 


COSMOLOGY 


No ring or reason 


Astrophys. J. 696, 694-700 (2009) 
A new study raises questions about the ring of 
dark matter reported to exist inside a galaxy 
cluster. 

The cluster, called Cl0024+17, is actually 
thought to be two merging clusters, and 
some suggest that the ring was caused by 
their collision. To test the idea, John ZuHone, 
now at the Harvard-Smithsonian Center for 
Astrophysics in Cambridge, Massachusetts, 
and his colleagues simulated cluster collisions 
under varying conditions. They could 
not produce a ring unless the dark-matter 
particles had circular orbits. 

Because such orbits are unlikely to occur 
in galaxy clusters, the results suggest that the 
ring report is questionable, says ZuHone. 


PLANT PHYSIOLOGY 
Gifts from grafts 


Science 324, 649-651 (2009) 
Plants grafted together exchange genetic 
information, suggesting a new and surprising 
mechanism for gene transfer between 
organisms. 

Grafting is commonly used in cultivation 
and can occur naturally when shoots or 
roots from different trees come into contact, 
but grafting was not thought to involve any 
mixing of genetic material. To test this, Sandra 
Stegemann and Ralph Bock of the Max Planck 
Institute for Molecular Plant Physiology in 
Potsdam-Golm, Germany, grafted together 
two transgenic tobacco plants expressing 
different antibiotic-resistance genes. 

The resistance genes were frequently 
exchanged between cells across the graft site. 
However, transfer only occurred when the 


genes were carried in the chloroplast genome, 
not when a resistance gene was inserted into 
the nuclear genome. Because the genetic 
exchange was limited to the graft site, the 
genes would only be passed to offspring of 
shoots formed at that site. 


STRUCTURAL BIOLOGY 


A virus laid bare 


PLoS Biol. 7,e1000092 (2009) 

Mimivirus was once mistaken for a 
bacterium owing to its shape and great size. 
Michael Rossmann of Purdue University in 
West Lafayette, Indiana, and his colleagues 
have now revealed the structure of this largest 
of known viruses. Enzymatic scrubbing 

of long fibres that extend from the viral 
capsid gave the researchers a new view. They 
reconstructed the icosahedral shape of the 
virus using cryogenic electron microscopy 
and atomic force microscopy. 

Mimivirus is not as symmetrical as many 
other large, double-stranded DNA viruses, in 
part because of a ‘starfish’ feature that appears 
on one side. This feature may allow the virus to 
deliver its genome into host cells. 
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NANOTECHNOLOGY 


The helix that delivers 


Nano Lett. 10.1021/nl900186w (2009) 

For nanomedical applications such as 
delivering drugs or performing microsurgical 
procedures at specific places in the body, the 
ability to navigate bodily fluids with a high 
degree of control is crucial. 

With this in mind, Ambarish Ghosh and 
Peer Fischer of the Rowland Institute at 
Harvard produced screw-like glass structures 
1-2 micrometres long by nanofabrication. 
Depositing a thin layer of a ferromagnetic 
material on one side of each helix allowed 
the authors to direct the screws’ motion with 
rotating magnetic fields. The duo even used 
the swimmers to spell out the initials of their 
institution (pictured above). 

The microswimmers can carry chemicals 
and push loads, and could be used as probes 
in rheological measurements difficult to 
perform by other techniques. 
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RESEARCH HIGHLIGHTS 


JOURNAL CLUB 


David Kirchman 
University of Delaware, Lewes 


A microbial ecologist learns 
something new from an old- 
fashioned study. 


What could be easier than learning 
about an organism simply by 
watching how it varies over time 
in its natural habitat? You'd think 
this would have been done long 
ago for marine bacteria, which are 
important in many biogeochemical 
processes, including the carbon 
cycle; in fact, they're the organisms 
running the biosphere. But it’s not 
easy to follow microbes in the open 
ocean, far from the lab and beyond 
the reach of standard techniques. 

Craig Carlson at the University 
of California, Santa Barbara, 
and his colleagues took on this 
challenge for the most abundant 
group of marine bacteria: SART11. 
They examined variations in SAR11 
over several years in the Sargasso 
Sea, where the group was first 
discovered nearly 20 years ago 
(C. A. Carlson et al. ISME J. 3, 
283-295; 2009). Sequencing and 
other data had previously revealed 
that SAR11 bacteria are diverse 
and can account for almost 50% 
of microbes ina given marine 
environment; however, we still 
knew little about their natural 
history. 

So Carlson's group looked to 
address a basic question: how 
do different members of SAR11 
vary with depth and over time? 
They examined 13 years’ worth 
of DNA samples, viewed 3 years’ 
worth of preserved cells under the 
microscope, and then analysed the 
microbial data in light of what is 
known about SAR11's environment. 
Three SAR11 ‘ecotypes’, they say, 
flourish differently at various 
depths and over a yearly cycle, 
which starts in spring, when deep 
mixing stops and photosynthesis 
speeds up. 

The authors make good use 
of new genomic data from a lab- 
grown representative of SAR11 
(Pelagibacter ubique) to understand 
Sargasso Sea populations, but the 
study's insight comes from the old 
approach of patiently watching 
organisms over time in their 
natural habitat. 


Discuss this paper at http://blogs. 
nature.com/nature/journalclub 
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How severe will the 
flu outbreak be? 


Epidemiologists race to pin numbers on the global H1N1 spread. 


The World Health Organization (WHO) this 
week remained on the verge of declaring a 
pandemic of the HIN1 swine-associated flu 
virus. Public-health bodies and scientists have 
made progress in starting to understand the 
outbreak, but major questions remain about 
how severe the disease will get. 

As Nature went to press, the virus had 
extended its range to 21 countries on 5 con- 
tinents, with 1,124 confirmed cases and 26 
deaths. The WHO remained at pandemic alert 
phase 5 on a scale of 6, having moved up from 
3 and then 4 following sustained human-to- 
human transmission in the Americas. 

“We're well past the containment phase,” says 
Ira Longini, an epidemiologist at the Univer- 
sity of Washington School of Public Health in 
Seattle. “We are now in the mitigation phase.” 

The main challenge for scientists now is 
assessing how severe any pandemic might be. 
That’s because the WHO's pandemic phases 
refer only to geographical spread of a new 


EVOLUTION 
OF A VIRUS 


The new strain of influenza 
A(H1N1) — formally known as 
A/California/04/2009 — 
includes eight gene segments 
(coloured bars) that have been 
shuffled together by remixing of 
other influenza strains over time. 


Human H3N2 


Swine triple 
reassortant 


disease; government pandemic plans look 
more to the outbreak’s severity to guide their 
response. The United States, for example, has 
very different response plans depending on 
where a pandemic falls on its hurricane-like 
scale of severity, ranging from Category 1 
(denoting case-fatality rates of less than 0.1%) to 
5 (denoting case-fatality rates of 2% or above). 
Most cases detected so far have been mild, 
with relatively few deaths for the number of 
cases observed. But reliable data are still lack- 
ing in Mexico, where most cases have occurred, 
and the number of cases in other countries 
remains too small statistically to detect levels 
of even 1-2% mortality rates, lower than the 
the 1918 H1N1 influenza pandemic. 
Researchers are, however, starting to work 
up early numbers for some other key variables 
of spread, including the basic reproductive rate, 
Ry, which is the number of new cases that an 
infected individual will give rise to. Longini’s 
rough preliminary estimates from field data 


North American 
avian (gene pool) 
7 


Classic swine 


Eurasian swine 
(H1N1/H3N2) 


A/California/04/2009 
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Mobile health units check people with symptoms. 


such as a school outbreak in New York, for 
instance, suggest that the current R, is about 
1.4. “At this point the virus does not seem as 
transmissible as past pandemic strains,” he 
says. The R, of the 1918 pandemic has been 
estimated at less than four; that of seasonal 
influenza typically ranges from 1.5 to 3. 

Longini also suggests that the generation time 
— the time period before an infected individual 
begins infecting others — is probably between 
3 and 5 days, but closer to 3. The higher the R,, 
and the shorter the generation time, the faster 
and more difficult the spread is to control. 

A related way of looking at the virus is the 
secondary-attack rate, which can be estimated 
from field data by looking at what propor- 
tion of a relatively confined cohort such as a 
household or school falls ill after exposure to a 
contact. The current secondary-attack rate is 
around 25-30%, according to Anne Schuchat 
of the US Centers for Disease Control and Pre- 
vention (CDC) in Atlanta, Georgia. But this 
number, too, could change. 

Just two weeks into the outbreak, researchers 
are using the incoming data on transmissibil- 
ity and infectivity to model scenarios of how 
the virus might evolve, and to refine and target 
mitigation-control measures for varying levels 
of virulence, says epidemiologist Marc Lipsitch 
of the Harvard School of Public Health. 

“My own personal view is that it is too early 
to say what the severity is,’ says Lipsitch, who 
works with the CDC as part ofa “Ieam B’ made 
up of academic researchers and other outside 
advisers. One reason the disease appears mild is 
that in the United States there has been only one 
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reported death among 286 cases. But such case- 
fatality rates, reported one week after a case is 
confirmed, can underestimate actual mortal- 
ity rates, because they can overlook patients 
who remain ill and subsequently die. This 
was demonstrated in 2003, when the reported 
case-fatality rate of severe acute respiratory syn- 
drome (SARS) in Asia was initially put at a few 
per cent — only to be found to be closer to 20% 
in studies that followed up cases. 

Experts also remember that the 1918 pan- 


demic began with a wave of mild disease in 
early 1918, only to return with a vengeance at 
the end of the year. “I’m particularly concerned 
about what will happen in the fall? Schuchat 
told reporters on 3 May. 

Continually estimating mortality rates is 
now the top priority of public-health bodies 
and scientists, and the task should become 
easier as the number of cases grows. 

“The uncertainty is a major challenge. We 
don't predict influenza very well,” says Stephen 


The turbulent history of the ACH1N1) virus 


Genetic analyses of the ACH1N1) 
strain of swine influenza indicate 
it is a mixture of at least two flu 


virulence for the strain so far, since 
it means that the virus circulated 
for several months before being 


Prevention in Atlanta, Georgia, 
says that the virus seems to 
be much the same in different 


Morse, an epidemiologist at Columbia Uni- 
versity in New York City. “Increased virulence 
— seeing a number of more serious cases — 
especially in healthy young adults, would bea 
trigger for a greatly increased response.” As of 
4 May, 62% of cases in the United States were 
in people under the age of 18. 

In Mexico, authorities said on 4 May that 
they would lower the alert level and begin lift- 
ing some restrictions on public gatherings, 
including the shuttering of restaurants. Longini 
describes the country’s actions as appropriate 
to stemming the spread of a new disease. “Mex- 
ico has done a great job of taking the necessary 
social distancing and containment methods 
needed to help dampen transmission,’ he 
says. Mitigation measures are also intended 
to minimize social disruption and maximize 
availability of medical care — by trying to 
avoid everyone being off sick from work, or 
overwhelming hospitals, at the same time. 

Crucially, they also can buy time until vac- 
cine production can be ramped up. The WHO is 
looking at howa vaccine for the currently circu- 
lating HIN] strain could be produced, including 
possibly curtailing the production run for the 
upcoming seasonal influenza vaccine in order 
to ramp up production on a vaccine for the new 
strain. The earliest an H1N1 vaccine could be 
made would be in four to six months. 

For now, the disease is treatable with the 
drugs zanamivir (Relenza) and oseltamivir 
(Tamiflu). 

Declan Butler 


in North America and Eurasia 
does not mean that the new virus 
originated in either place, because 


viruses that circulated separately 
through pigs in North America and 
Eurasia for 10-20 years, before 
mixing and jumping to humans. 
Flu viruses mix in pigs all the 
time, and the event that gave rise 
to this particular strain probably 
occurred before the beginning 
of 2009 — most likely around 
September 2008 — estimate an 
international team of researchers 
led by Andrew Rambaut of the 
University of Edinburgh, UK, Oliver 
Pybus of the University of Oxford, 
UK, Michael Worobey of the 
University of Arizona in Tucson and 
Gavin Smith of the University of 
Hong Kong (see http://influenza. 
bio.ed.ac.uk). “This result would 
seem to concur with alow 


detected,” Pybus says. 

These and other researchers, 
including Raul Rabadan of 
Columbia University in New 
York and Steven Salzberg of the 
University of Maryland, College 
Park, have found that six of the 
swine flu's genetic segments 
probably come from a North 
American strain of swine flu. The 
other two segments seem to come 
from Eurasian swine flu strains (see 
graphic, left). The North American 
and Eurasian ‘parental’ strains 
contain genes from flu viruses that 
had previously infected birds and 
people. 

Nancy Cox, director of the 
influenza division at the US 
Centers for Disease Control and 


patients. “All of the genes of all of 
the viruses that we have examined 
to date are 99 to 100% identical,” 
Cox told reporters on1 May. “It will 
be somewhat easier to produce a 
vaccine, because the viruses that 
are spreading are so similar to each 
other.” 

Cox adds that the virus does not 
contain any of the genetic markers 
for virulence that have been seen 
in analyses of the pandemic 1918 
flu strain. But, she notes, “there's 
a great deal that we do not yet 
understand about the virulence of 
the 1918 virus or other influenza 
viruses that have a more severe 
clinical picture in humans.” 

The fact that swine flu’s parental 
strains were predominantly found 
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viruses and pigs often move across 
international borders. 

Scientists will now watch to see 
whether the H1N1 strain mixes 
with seasonal human flu viruses. 

If people become infected with 
both swine and seasonal flu 
simultaneously, the two viruses 
could recombine into new ones 
with unpredictable properties. 
“There's going to be some 
interesting dynamics ahead when 
[ACH1N1)] interacts with seasonal 
flu," Rambaut says. 

Others have even raised the 
possibility of the new strain 
reassorting with H5N1, the avian 
influenza virus that has been 
circulating since 2003. 

Erika Check Hayden 
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China joins world-class 
synchrotron club 


Nation's costliest science facility is unveiled. 


SHANGHAI 

The Shanghai Synchrotron Radiation Facil- 
ity (SSRF) officially opened its doors last 
week to a queue of scientists waiting hungrily 
for beamline time. The 1.2-billion renminbi 
(US$176-million) light source is China's big- 
gest investment in a single science facility to 
date, says Zhao Zhentang, an accelerator phys- 
icist and the facility’s deputy director. 

The synchrotron radiation is generated as 
magnets bend an electron beam around the 
main ring’s 432-metre circumference. “It’s like 
mud coming off a spinning tyre,” says Her- 
man Winick, assistant director emeritus of the 
Stanford Synchrotron Radiation Laboratory 
in California, and chair of the committee of 30 
international and 4 Chinese scientists who last 
week gave the go-ahead to approve the facility's 
first seven beamlines. 

The light ranges from high-energy, hard 
X-rays (10 kiloelectronvolts and above) 


Leading lights 


China is not the only country 
brightening up its X-ray sources. 
Two other new light-source 
facilities, the Linac Coherent 
Light Source (LCLS) in Stanford, 
California, and the Positron- 
Electron Tandem Ring Accelerator 
(PETRA) III, in Hamburg, 
Germany, have opened in the past 
month. And more than a dozen are 
under way elsewhere (see map). 
This ‘fourth generation’ of 
new facilities improves on older 
synchrotrons by making photon 
beams that are many orders of 
magnitude brighter, and delivering 
much shorter-duration light pulses. 
Some of the new-generation 
facilities, called ultra storage rings, 
build on existing synchrotron 
technology. But others use 
approaches based on linear 
accelerators: free electron lasers 
(FEL) and energy recovery linacs 
(ERL). With bright, precisely 
timed pulses of light, they will 
allow scientists to create ‘movies’ 
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Fourth-generation 
light sources in 
planning, under 
construction or 
recently completed. 


of atomic processes. They could 
reveal, for example, the step-by- 
step process of photosynthesis 
ina leaf, or the precise shape of a 
catalyst at the moment it becomes 
most chemically active. 

Previous-generation light 
sources were something of a 
status symbol for countries 


through to infrared frequencies. It is chan- 
nelled into a number of beamlines jutting out 
from the main ring, where it can be used for 
spectroscopy and diffraction experiments in 
fields including condensed-matter physics, 
structural biology and medical imaging. 

In 2001, the Chinese government rejected 
plans for a new synchrotron light source, 
unconvinced that it would have enough users. 
Zhao and his colleagues resubmitted the pro- 
posal in June 2004 with the endorsement of 
scientists from more than 100 universities and 
some 20 institutes of the Chinese Academy of 
Sciences. 

Since then, the project has progressed apace. 
Construction began on 25 December 2004, 
and the first synchrotron light was seen within 
three years, on 24 December 2007. “It’s got to 
be a world record,’ says Winick. The facility is 
expected to have 30 working beamlines within 
5 years, with the potential for up to 60 lines. 


NSLS Il 
JLab ERL/FEL 
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* Free electron lasers 
* Energy recovery linacs 
* Storage rings 


wanting to join the high-tech club, 
says Franz Himpsel, a physicist 

at the University of Wisconsin, 
Madison. But now countries 

are realizing that the research 

can translate into products that 
have an economic impact, says 
Steve Dierker, project director 

for the National Synchrotron 


The Shanghai synchrotron is drawing Chinese 
scientists back from abroad. 


More than 60 synchrotron radiation facili- 
ties operate worldwide, with a fresh crop of 
cutting-edge light sources in the works (see 
‘Leading lights’), giving fairly routine access to 
scientists in most countries that invest in such 
research. 

Before the SSRF started up, China had two 
light sources, in Beijing and Hefei. But these 
are relatively small and cannot generate hard 
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Light Source-!I (NSLS-II) at 
Brookhaven National Laboratory 
in New York, which is due for 
completion in 2015. “Countries 

are investing in the basic scientific 
infrastructure to enable them to 
have a competitive edge in the 
marketplace,” he says. | 
Eric Hand 
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X-rays. For many Chinese scientists, who 
have lacked either the funding or the visas to 
use facilities abroad, the SSRF is a chance to 
see what cutting-edge synchrotrons can do. 

Zhao hopes that the investment in world- 
class facilities such as the SSRF will give 
Chinese scientists more reason to keep their 
research programmes in China, or to return 
from abroad. Indeed, Guo-Yuan Yang, a 
neurosurgeon who studied the mechanisms 
of cerebrovascular diseases for 20 years in 
the United States, says that he has returned 
to China in part because of the SSRE Now 
based at Shanghai Jiao Tong University, he 
says the beams will allow him to examine, 
for example, real-time changes in small 
blood vessels seen in arteriovenous mal- 
formation — a circulatory disorder. “In the 
past we had to sacrifice animals, but here we 
can follow them day by day,’ he says. 

At another SSRF beamline dedicated to 
X-ray absorption fine structure (XAFS), 
which is particularly suited to analysing 
the atomic structure of liquids, a group led 
by Guozhong Wu of the Shanghai Institute 
of Applied Physics is looking at the iron ion 
content in an ionic liquid to investigate its 
catalytic properties. The institute’s Yuying 
Huang, who is in charge of the beamline, 
says 60 research groups from China have 
already requested time. “We are asking the 
government to build another [XAFS] line,’ 
he says. 

Lili Chen of the Shanghai Institute of Mate- 
ria Medica, who is using a beamline to look 
at the structures of complex proteins related 
to diabetes and other diseases, says there 
are already applications to use 7,000 hours 
of time on that beamline in 2010 — almost 
twice as much as has been budgeted for. 

With demand that high, says Winick, “it’s 
going to bea zoo here ina year”. a 
David Cyranoski 


FLU MONITORING 

Zoos help track the spread 
of pandemics. 
www.nature.com/news 


Even big societies feel the pinch 


The American Chemical Society (ACS), the 
world’s biggest scientific society, is feeling 
the effects of the global economic downturn. 

On 28 April, six months after tightening 
its belt a first notch, the society laid off 
56 people, 3% of its employees. New 
employment will be frozen indefinitely, and 
the society has capped its contributions to 
medical insurance for retired employees 
and cut back on other expenses such as 
travel. 

The ACS, based in Washington DC, 
blames its financial problems on the falling 
values of its investments, as well as falling 
revenue from its publications, which include 
the Journal of the American Chemical 
Society and Chemical e Engineering News, 
as subscribers move from 


were laid off. The publications division 
generates more revenue than any other 
division of the society apart from the 
Chemical Abstracts Service, a fee-based 
database of chemical information and suite 
of tools to search it. 

According to notes taken by a laid-off 
employee at a meeting of the publications 
division on 30 January, the ACS earns about 
$500 million annually in revenues, with 
29% from the publications division. In 2008, 
revenue growth in the division was just 
2.5%, down from 7-10% a year. 

Ruskin says that the layoffs were 
strategically chosen. “The whole publishing 
enterprise has entered probably one of the 
more momentous times in its history: we 
are now moving from print 


print to online-only deals. Its “The whole to electronic; he says. “Part 
reserves were US$60 million publishing enterprise of what we are doing with the 
at the end of 2008, compared reduction is responding to 
with $212 million the year has entered si 7 that evolution.” 

before. momentous time. Even vocal critics of the 


The society has also posted 
a $36.5-million bond in a lawsuit it recently 
lost against the chemical-information 
company Leadscope in Columbus, Ohio. It 
had argued that the founders of Leadscope 
— former employees of the society — had 
used intellectual property belonging to the 
society. The ACS plans to appeal against the 
decision, but if it loses, it may owe that 
$36.5 million plus interest. According to 
Glen Ruskin, director of the ACS office of 
public affairs, the possible outlay is “not 
having any impact on our financials at this 
point, nor did it figure in the actions we 
took on Tuesday [28 April]”. 

Of the 56 layoffs, 40 were in the publications 
division. Ten staff members at Chemical & 
Engineering News and the entire reporting 
team at Environmental Science & Technology 
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Hit by the downturn and the online revolution. 
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society's opposition to open- 
access publishing aren't delighting in its 
financial woes. Peter Murray Rust of the 
University of Cambridge, UK, whose blog 
covers open-access chemical information, 
says that he wishes the society well. “I 
have not been a supporter of many of [its] 
policies,” he says, “but I would say that we 
absolutely need national scientific societies.” 

Other societies are also seeing the 
value of their portfolios decline. “Our 
investments fared about as well as 
anyone's,” says Mark Hernick, director 
of finance at the American Geophysical 
Union, also based in Washington DC. 
“Most investments lost 20 to 40% of their 
value last year alone, and we were in that 
category.” He says that his society is not 
planning staffing reductions. 

Richard Pike, chief executive of the 
London-based Royal Society of Chemistry, 
says, “Our reserves are hit, but we are in 
a somewhat better condition than some 
others — we had a good year ending in 
2008”. The UK society is actually adding 
staff, Pike says, mostly in its publications 
and membership divisions. 

Ruskin says that he hopes ACS members 
wont notice any change in services provided 
by the society. “All the things that we 
provide to them are considered essential,” he 
says. “How do we continue to provide that in 
a manner that is sustainable?” a 
Emma Marris 


17 


PHOTODISC/PUNCHSTOCK 


K. SIMPSON 


DARK MATTER 
Experiments may have 
glimpsed mystery particles. 
www.nature.com/news 


Neuroscientists claim growing pains 


Manufacturer denies that common lab feed can cause some neuron cultures to fail. 


Leading neuroscientists are warning that 
difficulties with a staple laboratory product 
may be costing time and money. 

The scientists say that variation between 
batches of a growth medium designed to sus- 
tain neurons in culture can, in their experience, 
cause experiments to fail or give low-quality 
results because of the poor survival and matu- 
ration of cells. 

The growth medium in question is a particu- 
lar formulation of B27, a mixture of proteins, 
hormones and vitamins, produced by labora- 
tory supplies company Invitrogen of Carlsbad, 
California, now a division of Life Technologies. 
In 2004, a group of neuroscientists including 
Beth Stevens, now at Harvard Medical School, 
in Boston, Massachusetts, and Johannes Hell 
of the University of Iowa, Iowa City, told Invit- 
rogen that they thought the B27 medium was 
producing poor results following a change in 
the product’s ingredients. The company says 
that it remedied the problem, and that the 
number of complaints it received from scien- 
tists fell to “negligible levels”. 

“Things were improved,’ says Stevens, “but 
over the next few years it became clear there is 
still a lot of variation in quality control” Hell 
estimates that his lab spends about US$50,000 
per year on culturing neurons. 
“If you get mediocre cultures, 
that money is wasted,’ he says. 

So Hell and other colleagues 
developed an alternative growth 
medium called Neuronal Sup- 
plement 21 (NS21), which they unveiled last 
year (Y. Chen et al. J. Neurosci. Meth. 171, 239- 
247; 2008). Hell points out that NS21 is not a 
commercial product; the researchers who use 
it prepare it in their own laboratories. 

Charles Harata, a colleague of Hell at the 
University of lowa who was not involved in the 
development of NS21, used B27 while working 
as a postdoc for Richard Tsien at Stanford Uni- 
versity, California. Harata felt that the quality 
of his hippocampal-neuron cultures declined 
markedly in the years before he left Tsien’s lab 
in 2007. 

That summer he took up a full-time post at 
Iowa, initially using B27. About six months 
ago, however, he decided to try his new col- 
league Hell’s NS21 formulation. 

Harata conducted a blind comparison of 
B27 and NS21 to grow two neuron cultures in 
otherwise identical conditions. He found that 
B27 did not support the neurons as well as 


“If you get 


mediocre cultures, 
money is wasted.” 


Culture differences: dendritic spines (arrowed) are signs of development that were visible after 
neurons were cultured for 18 days in NS21 (right), but not in B27 (left), in Johannes Hell's laboratory. 


NS21, particularly at lower cell densities. “That 
wasa clear effect for me,” says Harata. “I've now 
completely switched to using NS21” 

Hell says that in his capacity as a reviewer he 
has seen academic papers in which he suspects 
poor-quality cultures may be due to problems 
with B27. Oliver Schliiter, of the European 
Neuroscience Institute in Gottingen, Germany, 
agrees that there is “batch-to-batch variation” 
in B27. In his own lab, “we test the batches and 
compare them with what we had previously’, 
Schliiter says. “Ifit behaves similarly we buy as 
much as we can” 

Joydeep Goswami, vice- 
president of primary and 
stem-cell systems at Life Tech- 
nologies, says that batches 
of B27 can vary because the 
medium includes ingredients 
from biological sources, such as bovine serum 
albumin, that can be difficult to standardize. 
He adds that each batch goes through a rigor- 
ous quality-control process, assessed periodi- 
cally by the US Food and Drug Administration, 
and “the variability should not affect customers 
that are following standard protocols”. 

Goswami asserts forcefully that B27 is not 
wasting researchers’ time and money, adding, 
“We stand behind our products.” 

He suggests that variability in results may 
arise not from B27 itself but from the different 
types of cell grown in the medium, or the dif- 
ferent procedures used by scientists running 
the experiments. 

The neuroscientist who originally developed 
B27, Gregory Brewer, works at Southern Illi- 
nois University, Springfield, and is a consultant 
for Invitrogen. He points out that his original 
studies tested B27 on its ability to sustain neu- 
rons for four days. Now, he says, neuroscientists 
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often expect the medium to keep neurons in 
shape for weeks, the time period after which 
features such as synapses and dendritic spines 
appear (see pictures of hippocampal neurons 
from rat embryos, above). 

Brewer still uses B27 himself, and intends 
to discuss with Invitrogen an assessment of 
whether the medium can support extended 
growth times. 

Richard Haigh, director of product develop- 
ment for Invitrogen, agrees that B27 “is now 
used in a broad range of applications beyond its 
original purpose” and says that the company is 
looking at products that might better support 
researchers’ specific cell types. 


Replication challenge 

The precise makeup of Invitrogen’s B27 is com- 
mercially sensitive, although the ingredients of 
the original B27 formulation are listed in the 
research paper that first defined the medium 
(G. Brewer et al. J. Neurosci. Res. 35, 567-576; 
1993). “My biggest concern is that we're deal- 
ing with a black-box chemical,” says Schliiter. 
“If you want to replicate other people's experi- 
ments, you need to know what’ in there and 
what variation could happen.” 

Goswami points out that customers can get 
technical help from Invitrogen and can request 
data sheets for each batch. 

Yet Stevens believes that scientists having 
problems with their neuron cultures may not 
even question if their growth medium could 
bea factor. “I'm quite sure people are banging 
their heads against a wall. Trying to trouble- 
shoot this can waste months,” she says. 

“Frankly we dont hear the same thing,” 
counters Goswami. “More than 1,000 labs are 
using B27 successfully,” a 
Daniel Cressey 
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Geologists suffer observatory glitches 


Flagship experiment on the San Andreas fault has been troubled since last autumn. 


As US geophysicists gathered last week to 
celebrate EarthScope, one of their most ambi- 
tious programmes ever, researchers let slip an 
embarrassing fact that they had kept largely 
under wraps for 6 months. One major element 
of the project — a suite of instruments buried 
deep in California’s San Andreas fault — is 
broken. Researchers are making do with a 
trickle of data from a temporary instrument. 

“Unfortunately, the observatory stopped 
working a few days after it was installed” last 
September, says Mark Zoback, a geophysicist 
at Stanford University in Palo Alto, California, 
who was formerly one of three principal inves- 
tigators on the project. “That was a big disap- 
pointment.” There are, as yet, no firm plans or 
funds committed to fix the instruments. 

The difficulties may serve as a warning to 
other countries, such as Japan, Greece, Italy 
and New Zealand, which are considering drill- 
ing into fault zones. 

The problems occurred at the San Andreas 
Fault Observatory at Depth (SAFOD), located 
near the town of Parkfield about halfway 
between Los Angeles and San Francisco. The 
US$25-million project is part of the $200-mill- 
ion EarthScope effort, which in September 
ended its 5-year-long construction phase. 

Researchers came to celebrate that milestone 
last week in Washington DC, and the praise was 
overflowing. “We are extremely proud of what 


Deep trouble: a drill rig or crane could fix SAFOD. 


you have achieved,” said Robert Detrick, director 
of the division of earth sciences at the National 
Science Foundation, which funds Earth- 
Scope. “We're going to rewrite the textbooks 
on North American structure and dynamics.” 


The talks touched on a feast of data coming 
from the three components of EarthScope: a 
giant network of seismometers that will sur- 
vey the entire United States; a set of 1,100 
Global Positioning System stations, plus other 
instruments, tracking movement along North 
America’s western edge; and SAFOD. That 
third element has delivered some impressive 
results, including the first fault rock taken at 
depth from a seismically active zone, but it has 
also caused massive headaches. 

SAFOD sits on the San Andreas fault, where 
the Pacific and North American tectonic plates 
creep past each other. In 2004, Zoback and 
his colleagues drilled a vertical shaft near the 
fault, and the next year they curved the shaft 
to pass through the fault zone. In 2007, the 
team struggled to drill cores of rock from the 
fault itself. After weeks of drilling, with time 
and money running out, the team eventually 
succeeded in hauling up pieces of the fault at 
4:00 a.m. local time, as a huge lightning storm 
provided a dramatic backdrop. 

Last September, researchers lowered a set 
of nine instruments more than 3,100 metres 
down, right above a moving section of the fault. 
The package included three seismometers, 
three accelerometers (which measure strong 
motion), two tiltmeters for detecting shifts in 
the rock’s orientation and an electromagnetic 
coil for picking up any electrical or magnetic 


UK scientists get funding ban reprieve 


After a campaign by scientists, 
the UK Engineering and Physical 
Sciences Research Council (EPSRC) 
has softened and delayed its 
controversial policy to bar serially 
unsuccessful grant applicants from 
making funding bids for one year. 
The ban — which may be unique 
among European and US funding 
bodies — was due to be imposed on 
229 researchers starting on 1 June, 
in an effort to reduce pressure on an 
overloaded system that currently 
peer-reviews all grant applications. 
But eight weeks after it published 
the policy (see Nature 458, 391; 
2009), the EPSRC now says that 
the restriction will not come in until 
1 April 2010 — giving scientists 
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more time to change their grant- 
submission behaviour so that 

they do not fall under criteria 
defining repeated failure. And 
instead of being excluded outright, 
researchers will be allowed one 
application during the year. 

“We have made these 
adjustments to address concerns 
raised by the community — for 
example, the retrospective nature 
of [the policy's] implementation,” 
the EPSRC said in a statement. 
“We've made bold changes to 
protect peer review, but we're not 
an insensitive organization." 

Peter Main, director of education 
and science at the Institute of 
Physics in London, says the EPSRC 


has listened to criticism and has 
shown flexibility. “It's the policy 
that it perhaps should have 
been in the first place,” says Joe 
Sweeney, an organic chemist at the 
University of Reading, UK, who set 
up an online petition demanding 
the policy be repealed, signed by 
more than 1,900 scientists. 

But some researchers say they 
are disappointed not to have 
been consulted more directly 
beforehand — which might 
have prevented the EPSRC from 
introducing the ban in the first 
place. “It's something of a shame 
that we had to force them into 
this policy change,” says Philip 
Moriarty, a physicist at the 
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University of Nottingham, UK. 
The EPSRC is keeping a policy 
introduced on 1 April, to refuse 
uninvited resubmissions of failed 
proposals, which it says will cut 
20% of applications submitted for 
review. The exclusion policy had 


been expected to cut a further 10%. 


The EPSRC says that letters 
intended to warn individuals in 
April were never sent. “We are an 
organization that listens to the 
community,” says chief executive 
David Delpy. “If we can make 
amendments to help researchers 
whilst ensuring the overall policy 
is still effective, then that's in 


everyone's interest.” | 


Richard Van Noorden 


EARTHSCOPE 


NATURE|Vol 459|7 May 2009 


changes that might precede an earthquake. 
The plan was to leave those instruments 
in the hole to capture the many small repeat- 
ing earthquakes that occur within a few 
hundred metres. For a few days, the devices 
worked well. But then they went quiet. Wil- 
liam Ellsworth of the US Geological Survey 
in Menlo Park, California, another former 
principal investigator, says there may be an 


\ 


electrical short in one of the connections that 
carries data to the surface. Hot, corrosive 
groundwater in the hole could have damaged 
equipment. 

Because the instruments are mounted on 
thick pipe, it would take a crane or a drill rig 
to pull the package back up. Right now, the 
project does not have the money to do that. In 
December, the team lowered one temporary 


Comment on any of our 
News stories, online. 


seismometer into the drill hole and is currently 
collecting data from that. 

Ellsworth says some of the problems were 
discussed in December at a meeting of the 
American Geophysical Union in San Fran- 
cisco. But there has been no general announce- 
ment to the public. “We were all embarrassed 
about it,” says Zoback. 

Richard Monastersky 


' *) Hubble: the last hurrah 


On 11 May, the space shuttle Atlantis will head to the Hubble Space Telescope for a fifth and final servicing mission. With six batteries, six 
gyroscopes and a data interface system to be installed by astronauts, the telescope should be ready to perform for at least another five years. 
For scientists, the main feast will come with the new Wide Field Camera 3 and the Cosmic Origins Spectrograph, along with repairs to existing 


Ver), Wa 


the atmospheres of 
Institute of 


atmosphere. 


_ . \ \S 
NEAR INFRARED CAMERA 


AND MULTI OBJECT 
SPECTROMETER (NICMOS) 


NICMOS, an actively cooled instrument 
in the near infrared, has been off| ine 
since September, and several cea 
attempts haven't worked. Engineers 
suspect that an ice particle ints 
cryocooler could be causing problems. 


* 
Indicates the percentage of observi 
time spent on each instrument. | 


 SPace TELESCOPE IMAGING SPECTROGRAPH (STIS) 


Th repaired STIs Can take observation after observation across objects 
su ‘galaxies and black holes. It is also good for detecting chemicals in 
nsiting exoplanets: David Sing of the Astrophysics 

is wants to look for sodium in the atmosphere of a known ‘hot 


Jupiter’. The measure + would provide stringent constraints on models 
that describe the e ole 4 


WIDE FIELD CAMERA 3 (WFC3) 


WEFC3 will be by far the most popular 
instrument, and Leckrone says an experiment 
proposed by Garth Illingworth, an astronomer 
at the University of California, Santa Cruz, is the 
most highly ranked of all. Illingworth wants to 
use WFC3 to stare in the same spot as the 
Hubble Ultra Deep Field, a million-second 
exposure that captured 10,000 galaxies in one 
of the longest stares back at the beginning of 
time. In his ‘ultra ultra deep field’ image, 
“Illingworth expects to find 100 objects as old as 
13 billion years — providing the statistical 
dreneth a to understand the timing and 
mechanism behind the build up of galaxies. 


COSMIC ORIGINS SPECTROGRAPH (COS) 


instruments. “I can hardly wait,” says David Leckrone, senior project scientist for Hubble at NASA's Goddard Space Flight Center in Greenbelt, 
Maryland. Eric Hand looks at some of the most highly ranked proposals from outside scientists. 


COS will be very sensitive to far ultraviolet light and 
well suited to splitting up the light created by point 

sources, such as quasars and stars. Absorption features in 
this light reveal details of the clouds of gas the light has 
passed through. At the moment, astronomers can't find all 
the gas that they expect. Todd Tripp of the University of 
Massachusetts in Amherst will use COS to look for cool 
gas clouds backlit by quasars. 


FINE GUIDANCE 
SENSOR (FGS) 


Hubble uses three fine 
guidance sensors to keep track of 
where it points. These can also be 
used to to look for wobbles 
associated with planets. One of its 
three sensors will be replaced. 


ADVANCED CAMERA 
FOR SURVEYS CACS) 


ACS, installed in 2002, is similar to 
WFC3 but slightly more sensitive to 
faintly red objects, such as the dwarf 
galaxies that Kristin Chiboucas, of the 
University of Hawaii in Honolulu, wants 
to find. Based on models for galaxy 


formation, an order of magnitude more 
dwarf galaxies are expected to be 
clustered near big galaxies such as the 
Milky Way than have been found. 
Chiboucas hopes to complete a census 
of the dwarfs surrounding the nearby 
spiral galaxy M81. 
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Australia delays carbon 
reduction scheme 


The Australian government has delayed 
its proposed cap-and-trade scheme for 
regulating greenhouse-gas emissions (see 
Nature 458, 554-555; 2009). 

Prime Minister Kevin Rudd announced 
on 4 May that, in order to “manage the 
impacts of the global recession’, the system 
will be phased in from 1 July 2011, ayear 
later than planned. Until July 2012, permits 
to emit carbon dioxide will be sold at a fixed 
price of Aus$10 (US$7.5) per tonne, and 
companies involved will be able to buy an 
unlimited number of them. 

Rudd said he hopes to push the necessary 
legislation through parliament this year. 
He will also revise the upper limit on 
Australia’s emissions-reduction target to 
25% below 2000 levels by 2020, up from 
15%, depending on agreements reached at 
December’s UN summit in Copenhagen. 


Data ‘mishandling’ stalls 
Down's syndrome test 


Research data supporting a non-invasive 
prenatal screen for Down's syndrome were 
“mishandled” and cannot be relied on, 
according to the biotechnology company 
that has been developing the test. 

On 29 April Harry Stylli, chief executive 
of Sequenom in San Diego, California, 
said that four employees suspected of 
mishandling data had been suspended. An 
independent committee is investigating the 
matter. Investors have since filed several 
class-action lawsuits against the company. 

Sequenoms tests rely on examining 
minute amounts of fetal DNA or RNA 
circulating in maternal blood. The hope is 
to provide an alternative to more invasive 
methods such as amniocentesis, which carry 
a small risk of miscarriage. The company 
intends to complete a new clinical validation 
of its assays by the end of the year, but will 
not file for regulatory approval until two 
larger clinical trials are completed in 2010. 


Misconduct scandal hits 
German university 


Sixteen members of a Collaborative 
Research Centre (SFB) at the elite University 
of Géttingen, funded by Germany’s major 
national research agency, the DFG, are 
being investigated for scientific misconduct. 
SFBs are highly prized and generously 
funded awards that continue for up to 
12 years. In a statement on 4 May, the 
university said that an internal preliminary 
investigation had found that the scientists 
listed non-existent papers in their routine 


Obama revokes endangered species rule 


President Barack Obama 
last week revoked a rule 
that limited the role of 
wildlife experts in reviewing 
roads, pipelines and 
other projects under the 
Endangered Species Act. 
The rule, established in 
the last weeks of George W. 
Bush's administration, 
allowed federal agencies 
planning such projects 
to make decisions about 
whether threatened or 
endangered species would 
be harmed, without first 


consulting the National Marine Fisheries Service or the Fish and Wildlife Service. Among species 
currently being considered by the Fish and Wildlife Service for protection under the Endangered 


Species Act is the American pika (pictured). 


The Bush administration said that the change reduced unnecessary paperwork, but 
environmentalists said that it undermined a key safeguard. 
Obama had promised to review the issue in early March, and the Department of the Interior 


followed up by rescinding the rule on 28 April. 


milestone report for continuation of 
funding. The researchers have apologized to 
the DFG for providing false information. 

The interdisciplinary project, studying 
the stability of the Indonesian rainforest, 
had been approved €16.6 million (US$22.3 
million) from 2000 to June this year. A 
request for a further €8.6 million has been 
withdrawn. The DFG is looking into the 
case and investigating whether financial 
irregularities occurred. 


South Korea re-enters 
human stem-cell research 


On 29 April, South Korea’s national 
bioethics committee conditionally approved 
a study using human eggs for stem-cell 
studies — the first such licence granted 
since a scandal unfolded over similar work 
by Korean researcher Woo Suk Hwang. 

A team at Cha General Hospital in Seoul 
will be permitted to create cloned human 
embryos using the eggs. The study’s go 
ahead is dependent on four conditions: 
donors must give informed consent; 
research with human eggs should be 


Woo Suk Hwang: still on trial for stem-cell fraud. 
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minimized; an internal review board must 
oversee the experiments; and the study 
cannot be hyped by mention of possible 
clinical benefit. 

The research aims to establish stem-cell 
lines from the cloned embryos, for research 
and potentially for therapy. Hwang 
published claims to have done that in 2005, 
but in January 2006 his research was found 
to be fraudulent and his acquisition of 
human eggs unethical. He remains on trial 
for fraud, embezzlement and violation of 
the nation’s bioethics law. 


Biosecurity report cautious 
on strict researcher vetting 


Academic researchers working with 
dangerous pathogens should not be 
subjected to the same stringent background 
checks currently required for scientists 
working in chemical and nuclear weapons 
programmes, a panel of US government 
advisers recommended last week. 

The National Science Advisory Board for 
Biosecurity report, released on 29 April, 
examined how to reduce “insider threats” 
posed by bioscientists with malicious intent. 
It noted that security regulations governing 
bioscientists were bolstered after the US 
anthrax attacks of 2001, and said they 
should continue to be strengthened. 

But piling on “onerous” requirements, it 
said, could cause the best scientists to shun 
important work with pathogens and could 
isolate those that remain in the field. 

A working group, established by former 
president George W. Bush in January, 
is reviewing US lab biosecurity and is 
expected to report in July. 
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STRUCTURES OF DESIRE 


What do protein crystallographers dream of? The eukaryotic ribosome, 


the spliceosome, the nuclear-pore complex, the HIV trimer and 


almost any transmembrane protein, finds Ananyo Bhattacharya. 


hen considered up close, the 

blood protein from a sperm 

whale is a marvellous thing. Or 

so it seemed just over 50 years 
ago, when John Kendrew and other research- 
ers at the Cavendish Laboratory in Cambridge, 
UK, reported that they had used X-rays to 
reveal the three-dimensional structure of a 
globular protein for the first time. Analysis of 
the diffraction pattern caused by crystals of 
myoglobin, which was chosen for its simplicity, 
required one of the most powerful computers 
in the world at that time, and later won Ken- 
drew a share of the Nobel Prize in Chemistry 
with his Cavendish colleague Max Perutz. The 
picture it created “is more complicated than 
has been predicated by any theory of protein 
structure’, Kendrew and his colleagues wrote 
in a Nature article’. 

Half a century on, X-ray crystallography’s 
techniques are in outline the same: you need 
a crystal, X-rays and calculating power to 
make sense of the diffraction pattern. In all 
these three areas, however, progress has been 


enormous. Washing machines now have 
more computing power than the com- 
puters Kendrew used and synchro- 
trons offer X-rays a trillion times 
more brilliant than those available 
in Cambridge 50 years ago. Grow- 
ing crystals is increasingly routine: 
with many proteins it can be an 
automatic process, and the skills 
needed for the harder ones have 
come on in leaps and bounds. 

But so, too, have the ambitions 
of the crystallographers. They 
still believe, as did those earliest 
molecular biologists, that there is 
no better way to understand a com- 
plicated machine than to capture an 
atomic-scale picture of it. But now 
they dream of using their techniques 
on things far more challenging and 
complex than anyone imagined 50 years 
ago — including some machineries of pro- 
tein and nucleic acid that dwarf myoglobin 
as a whale does a minnow. 


THE BUILDING SITE 


The crystals look beautiful under the micro- 
scope. Suspended in a tiny drop of solvent, 
each gem-like growth is a symmetrical array 
of copies of one of the two subunits of the 
ribosome — the cell’s machine for making 
proteins. Each of those subunits is a tangle 
of many proteins and RNA. What makes the 
crystals especially interesting is that their 
constituents come not from bacteria but from 
eukaryotic cells. Which plant, animal or other 
eukaryote provided those cells, though, is for 
the moment a secret. 

Such crystals are rare and highly sought after. 
Unfortunately, Nenad Ban ruefully admits, 
these ones grown in his lab at the Swiss Federal 
Institute of Technology in Zurich (see photo, 
right) will not be yielding a protein structure 
any time soon. A crystal that looks pretty in 
visible light can still be a mess by the demand- 
ing standards of X-rays. “We have fantastic- 
looking crystals,’ he says. “But they are not very 
good in terms of diffraction.” 

Ban has been here before. Nearly a decade 
ago he was in one of several teams striving to 
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solve the structure of the simpler ribosomes 
used by bacteria and archaea. He and his col- 
leagues in Tom Steitz’s lab at Yale University 
published the structure of the 50S subunit of 
the ribosome of Haloarcula marismortui — a 
microorganism that lives in the famously salty 
waters of the Dead Sea — in 2000 (see ref. 2). 
The 50S subunit consists of about 30 proteins 
and has a mass of 1.5 million daltons, compared 
with myoglobin’s 1,700 daltons or a carbon 
atom’s lowly 12. Just a month later, a second 
team published the structure of the smaller 
30S ribosomal subunit, using material from 
the bacterium Thermus thermophilus’. The 
following year, Harry Noller at the University 
of California, Santa Cruz, and his colleagues 
unveiled the structure of the whole bacterial 
ribosome, revealing much about how it binds 
to the transfer RNAs that deliver amino acids 
to a growing protein’, 

These structures triggered an avalanche of 
new work in a field that had, in their absence, 
largely ground to a halt. They allowed research- 
ers to see, for example, how the ribosome 
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catalyses 
the joining 

of one amino 

acid to another with 
a peptide bond. Now, says 

Jennifer Doudna of the University of 
California, Berkeley, “we know a lot of detail 
about what the bacterial ribosome looks like, 
how it works, how peptide bonds are made, 
and even a lot about how the initiation process 
is regulated in bacteria”. 

The eukaryotic ribosome takes the competi- 
tion to another level. It is bigger — containing 
some 80 component proteins compared with 
the bacterium’s 50 to 60 — but that is not the 
only, or even the main, challenge. “There's a 
lot more bells and whistles; there’s a lot more 
regulation that goes on,’ Doudna says. 

It’s those bells and whistles that make the 
eukaryotic ribosome more difficult to work 
with than its bacterial counterpart. In mam- 
mals, for example, a host of additional pro- 
teins called initiation factors interact with the 
ribosome. The initiation factors are themselves 


complex assemblies 

— eukaryotic initiation 

factor 3 (eIF3), for example, 

is made up of at least 12 proteins and 

is only a few times smaller than the ribosome 

itself. Ribosomes that are purified from a cell 

could be in any number of combinations with 
these and other proteins. 

Getting material that is pure and homogene- 
ous is a significant hurdle, says Doudna. Simpler 
proteins can be mass-produced by inserting the 
appropriate gene into a cell culture that then 
churns out proteins, but ribosomes are too large 
and complex to be produced in this way. 

Some who worked on the bacterial structures 
are joining the hunt for the eukaryotic one, 
and the competition is fierce. That is why Ban 
will not reveal from which eukaryote his ribo- 
somes are harvested, nor which subunit his lab 
has managed to crystallize. The fact that he has 
crystals — albeit ones that don't diffract X-rays 
well — is an important proof of principle, he 
says. But “it’s the endgame that counts”. 


THE EDITING SUITE 


Noller, who with colleagues cracked the struc- 
ture of the complete bacterial ribosome, says 
the next big thing is another signature spe- 
ciality of the eukaryote, the spliceosome. 
“The spliceosome would be fantastic,” he says. 
“That would make the ribosome look like 
child’s play” 

Made up of 150 or so proteins, the spliceo- 
some slices and dices freshly made messenger 
RNA, stitching together the ‘exon’ sequences 

that will be translated into protein and rel- 
egating the ‘introns’ to the cell’s cutting- 
room floor. It can bring together sections of 
RNA maybe tens of thousands of base pairs 
apart and then snip out the intervening 
loop, like a movie editor running though 
many metres of film to splice two shots 
together. The activity of the spliceosome 
fascinates biologists because it could help 
explain how eukaryotic cells generate bio- 
logical complexity — in the form of dif- 
ferent RNAs and proteins — from a single 

DNA sequence. But that fast and continu- 

ous activity is also what makes it a gruelling 

challenge for crystallographers. 
“Tremendous work has been done geneti- 
cally and biochemically to understand how 
splicing works and how it’s regulated,” says 
Doudna. “The big missing piece in that field is 
not having access to high-resolution structural 
information for how the spliceosome 
is put together and what is driving 
the ... changes that have to occur 
during the splicing process.” 

The problem for crystal- 
lographers is that the spliceo- 
some is not just one machine 
— it is five, and all are in 
constant motion. Called 
small nuclear ribonucleo- 
protein particles (snRNPs, 
pronounced ‘snurps’), these five 
protein-RNA complexes come 
together transiently ina com-  \__ 


plicated, fast-moving dance, their eg 
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mercurial assembly about the size of a ribosome 
but far less stable. “Unlike the ribosome, you 
cannot simply purify a spliceosome from cel- 
lular extracts because you have many different 
spliceosomal complexes — different snapshots 
at different stages of function,’ explains Rein- 
hard Lihrmann of the Max Planck Institute for 
Biophysical Chemistry in Gottingen, Germany, 
whose group has crystallized several proteins 
that are components of snRNPs. 

Stalling the spliceosome at a particular 
stage of the cycle is a “major challenge” says 
Lithrmann. One way might be to use a mutant 
RNA message or a small molecule to arrest the 
spliceosome mid-splice. 

A team led by Kiyoshi Nagai at the Medi- 
cal Research Council Laboratory of Molecular 
Biology in Cambridge, UK, recently published 
a relatively low-resolution version of the crystal 
structure of one of the smaller snRNPs, which 
they reconstituted from its RNA and seven 
recombinant proteins (see graphic below)’. 
Reconstituting all 150 proteins in the complete 
spliceosome, however, “does not appear feasi- 
ble” in the foreseeable future, Luhrmann says. 

Instead, he is pursuing the structure using 
cryo electron microscopy, in which samples 
are flash-frozen in liquid ethane to protect 
them from the bombardment of high-energy 

electrons in an electron microscope. Recent 
advances in this technique have allowed it 
to show structures at resolutions 
as low as 5 angstroms, but 
do not yet approach the 
2-angstrom resolution 
> of good X-ray crystal- 
. __ lography. Lihrmann 
predicts that further 
advances in hard- 
ware and software 
will allow cryo 
electron microscopy 
to fill out the broad atomic 
structure of the spliceosome 
“in the next few years”. 


THE MONSTROUS MAW 


More than 30 times the mass of the ribo- 
some and around 100 nanometres wide, the 
nuclear-pore complex is a doughnut-shaped 
assembly of hundreds of proteins that straddles 
the eukaryotic nuclear membrane. One of the 
largest protein conglomerations in the cell, the 
structure serves as both gate and gatekeeper, 
choosing which nucleic acids, proteins and other 
molecules to let in and out of the nucleus. 
With only around 200 pores in a yeast cell — 
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compared with perhaps 10,000 to 20,000 ribos- 
omes in a bacterium — purifying the complex 
from cells is “really impossible’, says André 
Hoelz, a researcher who works on the nuclear- 
pore complex in Giinter Blobel’s laboratory at 
The Rockefeller University in New York. 
Hoelz and his colleagues are taking a differ- 
ent tack — expressing and crystallizing single 
proteins or small protein complexes from the 
pore, and then piecing them together like a 
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jigsaw puzzle to reconstitute 
the whole structure. “When 
we started this work five 
years ago people were 
saying that you can’t pos- 
sibly get this done because of 
the sheer size of the nuclear- 
pore complex,” Hoelz says. 

There are two factors 
working in the group’s favour. 
First, the nuclear-pore complex 
has an eightfold rotational symmetry 
and twofold mirror symmetry (see graphic). 
That means that the hundreds of proteins that 
make up the pore are in fact made up of repeti- 
tive arrangements of only about 30 different 
types — around half the variety in the ribos- 
ome. Second, in many organisms the nuclear- 
pore complex is dismantled when cells break 
down their nuclear membrane before divid- 
ing, and later reassembled piece by piece. It is 
always broken into the same building blocks, 
and it is these conserved components that 
Hoelz hopes to crystallize and slot together. 
If this approach is successful, it will provide a 
detailed ‘pseudo-atomic picture of the nuclear 
pore'’s structure, although it may not provide 
the clarity that a crystal structure of the entire 
complex would. 

There’s another feature of the nuclear-pore 
complex that is a challenge for crystallog- 
raphers. The centre of the pore is a mesh of 
fluttering protein filaments that don't fold in a 
regular way, but instead flop and dangle; they 
are thought to play a crucial role in selecting 
which proteins are ferried through the pore. 
Because a crystal structure is really an average 
of the arrangements of the atoms in millions of 
protein molecules in the crystal, the tentacles, 
which are in constant motion, would be an ill- 
defined blur. “Imagine one could crystallize the 
nuclear-pore complex; a quarter of it would be 
natively unfolded, and that’s the business end,’ 
says Michael Rout, whose Rockefeller Univer- 
sity lab also studies nuclear-pore complexes. So 
far, only isolated structures for some bits of the 
tentacles exist, solved by teams that break them 
off and crystallize them separately. 

The nuclear-pore complex, then, runs up 
against a fundamental limit of crystallography 
— it generates snapshots, not movies. And it is 
not alone: up to 30% of eukaryote proteins are 
wholly or partly disordered. To see proteins in 
action, some crystallographers and modellers 
have turned to computer simulations that jump 
between two or more ‘frames, each obtained by 
crystallography. Wayne Hendrickson of Colum- 
bia University in New York says there is also a lot 
of excitement about technologies that might be 
possible at facilities such as the European XFEL 
(X-Ray Free Electron Laser) under construction 
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in Hamburg, Germany (see page 16). 
The idea here is that an extremely short 
burst of X-rays could be scattered off a 
single protein molecule, blowing it apart 
but revealing something about its struc- 
ture before the disintegration. “You are in 
principle able to capture the molecule in 
action,’ Hendrickson says. 

That’s something for the future: the XFEL 
will not be commissioned until 2014. For now, 

Rout says, “the current approach is probably the 
most successful, which is to continue to crystal- 
lize the structured parts and put that together 
with other data to build a complete picture”. 


THE KILLER KEY 


“A big missing piece in the virology field is the 
structure of the HIV trimer,” says Ian Wilson, 
a structural biologist at the Scripps Research 
Institute in La Jolla, California. “We don’t 
understand what that looks like” It’s a chal- 
lenge that Wilson and his colleague Robert 
Pejchal have taken on relatively recently — 
though they’re not the first. “There have been 
many people in and out of the game for years 
because it has been so challenging” 

The trimers that Wilson and others want 
are protrusions from the surface of HIV, also 
called ‘envelope spikes. Each one has a tripar- 
tite structure: three gp41 proteins rise from the 
viral envelope, forming a stem that supports 
three gp120 molecules. It has long been thought 
that when the spike binds to key receptors on 
white blood cells it triggers massive structural 
changes in the trimer that drive the fusion of 
virus and cell. 

Trimers are the focus of intense vaccine 
research efforts, but vaccines based on the 
trimer so far do not stimulate enough of an 
antibody response to combat a later infection 
(see Nature 454, 565-569; 2008). “There’s some- 
thing about the trimer that makes it difficult to 
mountan effective immune response; Wilson 
says. If they had the trimer’s structure to 
work from, researchers hope they could 
devise better ways to turn the human 
immune system against it. 

The problem has been that, iso- 
lated from the virus, the trimer falls 
apart. Researchers can't adopt the 
nuclear-pore tactic here and break it 
apart before piecing it back together. The 
situation is more like that of the ribosome, in 
which the whole structure is more than the sum 
of its parts. Some regions of the trimer — those 
that are important for the virus’s interactions 
with cell-surface receptors and for generating 
an effective immune response — are buried 
inside or in the interface between its parts. 
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Researchers can't tell what they normally look 
like unless they see a trimer intact. 

The first structure of a pruned version of 
gp120, combined with a fragment of the white 
cells’ CD4 receptor and an antibody, was pub- 
lished in 1998°. Other structures of gp120 and 
gp41 have followed”. Anda recent cryo-elec- 
tron-microscopy study of whole virus particles 
revealed some of the large-scale changes that 
occur when the trimer binds to the CD4 recep- 
tor’’. But the structure of the trimer proper has 
remained out of reach. 

Wilson is making progress in collaboration 
with John Moore at Weill Cornell Medical Col- 
lege, New York, who has engineered a disul- 
phide bond between gp41 and gp120 that helps 
to lock them together. They also used a strain of 
the virus that tends to form more stable trim- 
ers — called SOSIP trimers — in the first place. 
“We have SOSIP trimers and we have crystals, 
but they dont diffract well” says Wilson. 

Still, Wilson and others will continue to 
plug away at the problem — because a vaccine 
remains “one of the big challenges to science in 
the present day’, says Hendrickson. 


The gp120 protein 
(green), a cell-surface 
protein (blue) and 

an antibody (orange, 
yellow and red). 
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BEST OF THE REST: MORE STRUCTURES HOTLY DESIRED 


Internal ribosome entry site 
A sequence of RNA that allows 
ribosomes to begin protein 
production from the middle. Helps 
RNA-based viruses to hijack 
protein production. 

The sequence is very flexible. 
Parts have been crystallized — but 
not the whole thing. 


Sec61 (eukaryotic translocon) 
A protein complex that can help 


an unfolded polypeptide chain 
to cross or span a membrane. 

Recalcitrant when it comes to 

crystallization. 


Telomerase RNP 
Adds repeating sequences of DNA 
to the end of chromosomes and 
plays a role in cancer and ageing. 
Individual components of the 
telomerase have been solved. 

It's a flexible, hard-to-get 


material and it interacts with other 
molecules. 


Higher-order chromatin structure 
The complex of protein and RNA 
with which DNA is packaged. The 
core of a single nucleosome — the 
basic subunit of chromatin — has 
been solved to high resolution. 
Crystallographers want higher- 
order structures of chromatin 
— two or preferably more 


nucleosomes. This is proving 
difficult. 


Sodium-selective ion channel 

lon channels that allow sodium 
ions to pass but not potassium ions 
— essential in generating electrical 
potentials in neurons. 

They are formed by one big 
polypeptide chain, which may 
make them harder to crystallize 
than potassium channels. 


THE INVISIBLE THREAD 


Stephen White’s website at the University 
of California, Irvine, features an exponen- 
tial curve of which structural biologists are 
proud. In 1985, it shows, the first structure of 
a membrane protein was solved"'. (That work, 
on the photosynthetic reaction centre, won a 
Nobel prize.) Now, the number of structures 
for proteins that span membranes deposited 
in the Protein Data Bank has climbed to more 
than 180. 

Some membrane proteins are refusing to 
join the cavalcade, however. Take, for exam- 
ple, the epidermal growth factor receptor 
— the target of Genentech’s breast cancer 
drug Herceptin (trastuzumab). Despite a 
decade or more of intense study, only the 
bits protruding outside and inside the cell 
membrane have been crystallized. The con- 
necting portion — the bit that spans the 
membrane and transmits information from 
one side to the other — has not. The same is 
true for the 60 or so other proteins in this family 
of receptor tyrosine kinases, which have central 
roles in cell proliferation, differentiation and 
disease. Solving this delicate stretch of protein 
would begin to explain how a signal outside 
the cell — suchas a growth factor, hormone or 
other ‘ligand’ that binds to the receptor — can 
cause a change in protein conformation that 
leads to a response inside the cell. 

To crystallize a membrane protein, you have 
to ease it out of its normal milieu. Released 
from their membranes, though, the proteins 
easily lose their shape and precipitate out of 
solution. So detergents are used to keep them 
soluble, folded and active, and these can end 
up being a problem themselves. Unless just the 
right types and amounts of detergents can be 
found, their molecules can obstruct the inter- 
actions between proteins that allow them to 
line up and form crystals. 

The particular problem for the receptor tyro- 
sine kinases is not their bulk or complexity but 


their flimsiness. The peptide chain that con- 
nects their extracellular and intracellular parts 
snakes through the membrane only once. The 
head or tail can wobble around on the single 
transmembrane stem and make it difficult for 
the protein to form ordered crystals. 
Persistence has paid off when it comes to 
another major class of membrane proteins. 


There was much jubilation among structural 
biologists when, in 2000, a group led by Masashi 
Miyano at the Riken Harima Institute in Japan 
crystallized rhodopsin, a light-activated pro- 
tein purified from the cow retina (see graphic, 
showing the helices of the protein embedded 
in a membrane)”. It was the first structure to 
be resolved in the class of G-protein-coupled 
receptors, a family of membrane receptors with 
almost 1,000 members found in humans. Solv- 
ing a second such receptor, which was done 
in 2007, was still a marathon task: one group 
set up 15,000 trials using a robot to optimize 
crystallization conditions’? *. These proteins 
have seven membrane-spanning regions, and 
may have been more tractable because this 
wider ‘bridge’ between head and tail stops their 
extremities wobbling around so much. 
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There's along way to go yet, however, accord- 
ing to Hendrickson. “From my perspective,” 
he says, “these structures haven't answered 
the questions that I want to answer, which are 
about how the activation process happens — 
how these proteins do their job when activated 
bya ligand” 

A full-length receptor tyrosine kinase 
remains a dream structure, and one that many 
crystallographers doubt can ever be realized 
because there is no obvious way to stabilize the 
head and tail. “I'm not certain that’s going to be 
feasible, says Hendrickson. 

White says that membrane proteins in 
general, though, are getting less intimidating. 

“There are a lot more people with the courage 

to tackle membrane protein,” he says. Their 

courage will grow as ways to make better 
crystals and brighter X-rays come online. 

At the cutting edge, however, where 
crystallographers face the complexity of 

a nuclear pore or the wavering heart of a 

transmembrane protein, something extra is 
needed. “Know the protein intimately,’ White 
says. “So far, that seems to be a really impor- 
tant issue — to have somebody who loves the 
protein, he says. a 
Ananyo Bhattacharya is Nature's deputy news 
editor. 
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Thin films of oxygen-bearing compounds could have myriad practical 
applications, finds Joerg Heber, if a few problems can be overcome. 


n late 1996, a young Bell Labs physicist 

named Harold Hwang told his lab director 

that he wanted to start a radical programme 

of research into oxides — the ubiquitous, 
oxygen-bearing compounds found in every- 
thing from granite and glass to ceramics, chalk 
and rust. Hwang was convinced that even the 
most familiar oxides might show surprising 
and useful properties if different ones could 
be stacked up into ‘heterostructures’: layer- 
cake-like arrangements in which each level is 
an ultrathin film just a few atoms thick. 

The lab director, Horst Stérmer, was slightly 
dubious — not about the potential, but about 
the practicality. “Have you ever grown a thin 
film in your life?” he asked. He knew all too well 
what Hwang was getting himself into. Stormer 
had made his own reputation by growing and 
studying thin films ofa very different class of 
materials: semiconductors. Those films had 
shown some remarkable properties — including 
a phenomenon called the fractional quantum 
Hall effect, in which the free-roaming electrons 
inside a layer condense into a liquid-like state. 
That discovery would later earn Stérmer a share 
of the 1998 Nobel Prize in Physics. But such 
phenomena appeared only if the layers were 
absolutely uniform in height, with a crystalline 
structure that was so pure and defect-free that 
electrons could race along without crashing 


28 


into imperfections. It had taken Stérmer and 
his colleagues at Bell Labs more than 10 years to 
invent and perfect the techniques for fabricat- 
ing such films. And oxides, he knew, would be 
even more difficult to master. The compounds, 
which form 99% of Earth’s outer crust, typically 
consist of a larger number of chemical elements 
than semiconductors, and have more complex 
crystal structures. 

Still, Stormer told Hwang to go ahead, 
and the younger man did not disappoint. In 
time, Hwang and others doing 
research in the field succeeded 
in growing high-quality oxide 
thin films with the same atomic 
precision as semiconductors. 
And those films do indeed 
exhibit interesting phenomena. 
In 2004, for example, Hwang co-discovered 
the existence of a two-dimensional (2D) elec- 
tron gas, in which electrons at the interface 
of two oxide thin films show an extremely 
high mobility’ — an effect that is particularly 
striking because the two oxides involved are 
electrical insulators. 

Now oxide thin films are at roughly the same 
stage of development as semiconductor thin- 
films were in the early 1970s — a period when 
researchers were finally learning how to work 
with them well enough to fabricate devices 
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such as the thin-film lasers, which would later 
have their commercial breakthrough in com- 
pact-disc players. For example, the 2D electron 
gas that Hwang and his colleagues discovered 
is being explored for use in a new type of fast 
transistor, a device that can amplify or switch 
electronic signals. Another use of oxide films 
could be as the basis for very high-density 
data-storage devices in which the magnetic 
information is controlled with electrical fields. 
And that’s just the beginning, says Hwang. 
“The great opportunity we 
have now is to design and 
grow artificial thin film struc- 
tures down to the atomic scale 
— using multilayers of super- 
conductors, ferromagnets, or 
even a combination — and to 
engineer systems that may one day be used for 
electronics or sensing applications.” 


The power of oxygen 

The rich array of phenomena found in oxides 
is largely due to the oxygen, says Yoshinori 
Tokura, a physicist from the University of 
Tokyo who has worked in this field for more 
than 20 years. Oxygen tends to pull electrons 
away from other atoms in the compound, says 
Tokura, resulting in strong electrical fields at 
the interatomic scale. These fields can give 
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rise to substantial correlations in behaviour 
between the electrons of one atom and those 
of its neighbours. And the correlations in turn 
can lead to effects such as ferromagnetism, in 
which a material's electrons spontaneously line 
up and produce a magnetic field. 

Nevertheless, for many years researchers 
tended to shy away from using oxides in 
advanced applications, because they are far 
more difficult to fabricate than metals and 
semiconductors. This situ- 
ation changed in 1986 with 
the discovery of high-tem- 
perature superconductivity 
in certain oxides. The work 
kicked off an intense, world- 
wide focus on oxides that led 
to other discoveries. In 1993, 
for example, researchers 
encountered ‘colossal mag- 
netoresistance; in which a slight shift in the 
external magnetic field causes certain oxides 
to undergo an orders-of-magnitude change in 
electrical resistance’. 

Another example is the 2D electron gas 
that Hwang and his co-worker Akira Ohtomo 
stumbled on when they were studying the 
interface between two insulators’, lanthanum 
aluminate (LaAlO,) and strontium titanate 
(SrTiO,). “We started to fabricate very crude- 
looking transistors that should not have been 
conducting by themselves, but found they 
were already conducting,” recalls Hwang, who 
is now at the University of Tokyo. “We started 
thinking, “What is going on here?” 

They soon found that everything depended 
on the precise crystalline structure of the inter- 
face: only when the right atomic layers met 
would the internal electrical fields on each side 
push electrons towards the junction, so that 
they could form the electron gas. Otherwise, 
no charge layer develops*. The interface elec- 
trons also turned out to be surprisingly mobile. 
In fact, as discovered in 2007 by the groups of 
Jochen Mannhart from the University of Augs- 
burg in Germany and Jean-Marc Triscone from 
the University of Geneva in Switzerland’, these 
structures can become superconducting, 
meaning that the electrons can travel without 
resistance — albeit only below the very low 
temperature of about 200 millikelvin. 

Researchers have also been studying potential 
applications that would exploit the thin-film 
interface. One way to do that would be to place 
a ferromagnetic oxide next to an insulating 
oxide that isn’t ferromagnetic. If an external 
electrical field is applied, it causes an electri- 
cal polarization to develop at the interface. But 
the field also shifts the number of electrons in 
the ferromagnetic material, which changes the 
magnetic field. Asa result, electrical polariza- 


“You can imagine 
controlling the states 
at phase boundaries 


by making small 
modifications.” 
— Stuart Parkin 


tion and magnetism are both controlled by the 
same electrical field, and are therefore cross- 
linked — a coupling of properties that defines 
multiferroic materials®. Such materials are of 
interest both as magnetic field sensors and as 
memory devices, in which information is writ- 
ten by electrical voltages and read by magnetic 
read head — with the benefit that no electrical 
current flows through the device, significantly 
reducing heat generation. Indeed, says Tokura, 
“the route via thin films offers 
the most straightforward fab- 
rication method to realize a 
multiferroic material”. 

As well as looking at the 
coupling of two different prop- 
erties at an oxide interface, 
researchers are looking for 
applications in which a single 
property, such as magnetic 
field”* or electrical conductivity, is controllably 
turned on and off. “Controlling conductivity 
as a whole, rather than electrical current itself, 
in some sense is the most exciting area,’ says 
Stuart Parkin, a physicist at IBM’s Almaden 
Research Center in San Jose, California. “Con- 
trary to conventional transistors, the required 
current densities could be quite small, and this 
is what you want for applications.” 

Consider, for example, the superconducting 
2D electron gas. Through the application of 
an electrical field it is easy to push electrons 
away from the interface, destroying the super- 
conducting state and making it impossible for 
current to flow’. This is analogous to what hap- 
pens in conventional transistors, in which the 
flow of electrons can likewise be switched on 
or off by an external electrical field. Conceiv- 
ably, researchers could use local voltages to 
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write complex patterns into this 2D electron 
gas. Where a voltage is applied, the interface 
would be insulating, and elsewhere it would 
be superconducing — potentially allowing the 
definition of entire electronic circuits. “It will be 
exciting to see the realization of small devices 
such as logic and memory circuits, or even small 
amplifiers,” says Mannhart. Amplifiers written 
into the superconducting film could enable fast 
switching with extremely low noise levels and 
thus could detect and amplify weak electronic 
signals. Even the logic gates used for quantum 
information processing could be etched into the 
superconducting layer this way. 


Just one small push 
Unfortunately, the switching of superconduc- 
tivity in the LaAlO,/SrTiO; system occurs at 
temperatures far too low to be relevant for 
most applications. So one alternative is to 
look at the different phases many oxides show 
at various temperatures or pressures. Con- 
ductivity often changes dramatically at the 
transition from one phase to another. “If you 
go to phase boundaries, that’s where you often 
get extremely large instabilities,’ says Parkin. 
“Then you can imagine controlling those 
states by small modifications.” Such a small 
trigger impulse can push the system from one 
phase to the other. This is what happens in 
colossal magnetoresistance — a small external 
magnetic field induces huge variations in elec- 
trical resistance during a phase transition. 
To realize high-quality oxide heterostruc- 
tures for applications, researchers have had to 
overcome substantial obstacles to the develop- 
ment of suitable thin-film growth techniques. 
Oxides often have complex crystal structures, 
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and films refuse to grow properly unless the 
right crystal layer is exposed on the top sur- 
face. Otherwise, the incoming atoms will not 
be able to stick to the proper chemical bonds. 
In 1994, this problem was identified and solved 
for SrTiO; by Masashi Kawasaki, a materials 
scientist then at the Tokyo Institute of Technol- 
ogy, now at Tohoku University in Japan, who 
developed a pre-growth treatment involving 
various acids that strip the crystal substrate 
down to the desired atomic layer’. With this 
advance, says Kawasaki, “people could finally 
grow complex oxides”. 

Unfortunately, it is still impossible to obtain 
oxide heterostructures anywhere near as large 
as those used in silicon technology. “Scaling up 
SrTiO, wafers to realistic sizes is out of the ques- 
tion,” says Darrell Schlom, a materials scientist 
from Cornell University in Ithaca, New York. 
So, many researchers are now trying to integrate 
oxide heterostructures into silicon wafers. “The 
plan is not only to integrate oxides with silicon 
electronics, but even more importantly to take 
advantage of the processing infrastructure of 
silicon technology,’ says Schlom. 

This is an arduous task, not least because 
there are substantial differences in crystal 
structure between most oxides and silicon. 
And worse, oxide thin films are grown by 
condensing a high-temperature vapour that 
includes oxygen — which can turn silicon into 
silicon dioxide at the slightest contact. This can 
be avoided only by carefully adjusting growth 
temperatures and supplying just the right 
amount of oxygen at precisely the right time. 
Still, progress has been made and the quality 
of oxide films on silicon has been improving 
steadily’’. “Even advanced oxide films such as 
LaAlO,/SrTiO, heterostruc- 
tures have now been grown 
on silicon,’ says Mannhart. 


Not so crazy 

Particularly promising in this 
regard is zinc oxide (ZnO), 
which is itself a semicon- 
ductor with a wide range of 
potential applications. “In ZnO, electrons can 
travel up to a micrometre without scattering, 
says Kawasaki. Kawasaki and his colleagues 
have even observed the quantum Hall effect 
in ZnO — a first for an oxide’. The presence 
of such quantum phenomena suggests the use 
of ZnO for ‘spintronics’ applications, which 
promise ultrahigh-density storage and ultrafast 
processing of information using the electron’s 
tiny magnetic moment, or spin. 

This isn’t the end of the possible uses of 
oxides. “This might bea very crazy idea, but we 
are wondering whether these heterostructures 
can be applied to new types of solar cells,” says 
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"This might be a crazy 
idea, but maybe these 


heterostructures can be 
applied to solar cells.” 
— Yoshinori Tokura 


Electronic circuits made from thin oxide layers are only starting to tap the potential of oxides. 


Tokura. Solar cells are currently made of semi- 
conductors, he explains, and function through 
the absorption of light with energies larger than 
a certain threshold known as the band gap. If 
the light has an energy much larger than this 
band gap, the excess is wasted into heat. But if 
electrons are confined, for example, in semi- 
conductor nanoparticles, they begin to inter- 
act strongly with each other, which amplifies a 
process in which the excess energy is not wasted 
but rather used to excite multiple electrons. The 
entire process becomes more efficient. 

In complex oxides, with their strong electron 
correlations, such an amplification could be 
very strong, says Tokura. Indeed, researchers 
already know of certain oxides in which light 
can excite so many electrons that the material 
becomes metallic. But that would still leave 
the problem of extracting these electrons from 
the oxide to put their energy to use. Even here, 
oxide thin-film structures 
may offer a solution. The 
layers are generally very 
thin, which means that elec- 
trons generated in one film 
could easily be extracted to 
an adjacent layer. “If we can 
make this work, it would 
be really exciting,” says 
Kawasaki, who is investigating this idea with 
Tokura. 

Parkin has an even more ambitious idea. He 
is looking for layered oxide systems in which 
superconductivity sets in at unprecedentedly 
high temperatures. “Room temperature is, 
of course, the ultimate goal,” Parkin says. “In 
my mind this is entirely feasible” He thinks 
that such superconductivity might be found 
at interfaces similar to LaAlO,/SrTiO;, and 
might also involve the use of oxide compounds 
that do not normally exist in nature and can 
only be stabilized as thin films. 

After more than 20 years of research into 
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oxide thin films, efforts are bearing fruit. 
Progress is becoming fast-paced. Thin-film- 
growth technology has been adapted for oxide 
compounds, suitable substrates have been devel- 
oped and complex heterostructures are being 
studied for new functionality. “Although what 
we have achieved as a community is still at the 
very early stages, we now know a lot more about 
the basic rules of engagement,’ says Hwang. 

At the same time, Hwang sounds a note of 
caution. “Now the hard questions come,” he 
says. Even seemingly mundane issues such 
as sample quality need to be tackled. “Oxide 
heterostructures are still loaded with defects. 
Understanding how to control these is key to 
taking oxide heterostructures from scientific 
curiosity — their current position in various 
scientific sandboxes — to real technologies,” 
says Schlom. 

Nevertheless, the achievements so far are 
strong testament to the fact that researchers 
in the field have begun to predict and con- 
trol the phenomena that can exist in oxide 
heterostructures. Whether as new electronic 
compounds, as sensors, as memory devices, as 
solar cells or simply for their exciting science, 
oxide heterostructures are here to stay. The 
journey has merely begun. a 
Joerg Heber is a senior editor of Nature 
Materials. 
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OPINION 


CORRESPONDENCE 


These letters respond to the Essay ‘Do nations go to war over water?’ by Wendy Barnaby 
(Nature 458, 282-283; 2009). 


The potential for 
water conflict is 
on the increase 


SIR — Wendy Barnaby dispels 

the myth of future water wars, 
arguing that countries “solve their 
water shortages through trade and 
international agreements”. But 
water has often been the object, 
target or weapon of military or 
terrorist action, including in former 
conflicts between Iraq and Iran, 
Syria and Iraq, Israel and Syria, 

and South Africa and Lesotho (see 
Peter H. Gleick's water conflict 
chronology at http://tinyurl.com/ 
ce776f). These range from small- 
scale demonstrations and border 
skirmishes to the destruction 

of irrigation and water-supply 
systems and the poisoning of 
water supplies. 

Problems can arise when 
humans have too little or too 
much water, or water that is too 
dirty, and countries may accuse 
one another of amplifying these 
problems. But if a pollution 
incident in one country kills 
biological life in an international 
river, the downstream riparian 
nations will collaborate to reduce 
damage and prevent reoccurrence; 
ikewise, countries usually 
cooperate after a disastrous flood. 
More difficult conflicts can arise 
in areas of water scarcity, but 
nations are increasingly willing to 
negotiate rather than to go to war. 

A handful of arid-climate 
countries receive nearly all their 
water from abroad by means 
of shared rivers. The water 
resources of Turkmenistan, 
Egypt, Uzbekistan, Syria and 
Israel depend on neighbouring 
countries. Several countries 
successfully share international 
rivers within the framework 
of river commissions, as well 
as lakes and aquifers through 
international bodies. Small-scale 
water disputes can lead to the 
development of diplomacy and 
help to prevent bigger water wars. 


However, the potential for 
water conflict is on the increase, 
as populations in water-stressed 
areas continue to grow and the 
demand for water increases to 
improve living standards with 
better sanitation and a water- 
intensive diet. In arid areas, 
water scarcity is likely to be 
exacerbated by climate change 
(B. Bates et al. Climate Change 
and Water Intergovernmental 
Panel on Climate Change; 2008; 
http://tinyurl.com/c4kd2e). The 
potential for water conflict — war 
or no war — deserves careful 
attention. 

Zbigniew W. Kundzewicz Institute for 
Agricultural and Forest Environment, 
Polish Academy of Sciences, Bukowska 
19, 60-809 Poznani, Poland, and 
Potsdam Institute for Climate Impact 
Research, Telegrafenberg, 14412 
Potsdam, Germany 

e-mail: kundzewicz@yahoo.com 

Piotr Kowalczak Institute for 
Agricultural and Forest Environment, 
Polish Academy of Sciences, Bukowska 
19, 60-809 Poznan, Poland 


Increasing inequality 
is already making 
shortages worse 


SIR — Wendy Barnaby is hasty 
in her conclusion that water 
shortages can and will be resolved 
through international trade and 
economic development. She 
predicts that nations will be able 
to adapt to water shortages as 
they develop, by switching to 
industries other than agriculture 
and by importing their food from 
elsewhere. But this assumes both 
that developing nations will be able 
to afford food and that food itself 
is not also a limited resource being 
threatened by global warming. 
Barnaby’s implication that 
poorer nations will become 
wealthier in the coming decades 
is at odds with the global reality 
of an increasing gap between rich 
and poor (Report on the World 


Social Situation United Nations 
Department of Economic and 
Social Affairs; 2005) and with 
the repeated failure of such 
development plans (J. Ferguson 
Global Shadows Duke Univ. Press; 
2006). Evidence of the causal 
relationship between inequality 
and the failure of economic 
development (W. Easterly J. Dev. 
Econ. 84, 755-776; 2007) makes 
it ever harder to imagine that 
development is going to become 
successful in the near future. 

In addition to the increasing 
inequality of nations, the gap 
between rich and poor citizens 
is widening in countries around 
the world. This means that the 
belief in cooperation as the 
“dominant response to shared 
water resources” needs to be 
further questioned by analysing 
how water is distributed within 
nations. For instance, ‘water 
management devices’ (meters) 
are being installed in poor people's 
homes in Cape Town, South 
Africa; in Chile, water privatization 
has allowed mining companies to 
monopolize scarce water supplies, 
forcing people to abandon their 
home towns as water dries up. 

Access to water is already a 
serious issue for people in many 
parts of the world and, given 
recent United Nations estimates, 
the situation is not likely to 
improve. In light of this, we believe 
that embracing international 
trade and development as easy or 
inevitable solutions is naive. The 
reality of global inequality, power 
and poverty — and their impact on 
access to water — must be taken 
seriously in any plan for addressing 
future water shortages. 

Thomas H. Meek Department of 
Biology, University of California, 

900 University Avenue, Riverside, 
California 92521, USA 

e-mail: tmeekOO1@ucr.edu 

Laura A. Meek Women's Studies 
Department, The George Washington 
University, 837 22nd Street NW, 
Washington DC 20052, USA 

e-mail: Laura6@gwu.edu 
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Water is a source 
of cooperation 
rather than war 


SIR — Water, like any scarce 
common resource, creates 
competition that can lead to 
conflict, but, as Wendy Barnaby 
concludes in her Essay, wars 

are not waged over water. Her 
message is borne out by my own 
experience as senior adviser to 
the Israeli Water Authority. 

The Jordan-lsrael Peace Treaty, 
signed in October 1994, includes a 
chapter on water that has been in 
operation for more than 14 years 
to the satisfaction of both parties. 
Jordan's chief water negotiator, 
Munther J. Haddadin, in a review 
of the history that led up to the 
treaty, notes that “The claim that 
the June war of 1967 was a ‘water 
war' is not substantiated” (M. J. 
Haddadin Diplomacy on the Jordan 
Kluwer; 2001). 

In 1995 Israel signed the 
Oslo II Interim Agreement with 
the Palestinian Authority, in 
which Article 40 (‘Water and 
sewage’) was intended to serve 
for a period of five years while a 
permanent agreement was drawn 
up. Although this has not yet 
happened, both sides adhere to 
the interim agreement as a basis 
for coordinated management of 
their water resources. Despite 
the difficult security situation, the 
Joint Water Committee set up 
by the agreement has met and 
communicated regularly, and Israel 
has increased the water supply to 
the Palestinian Water Authority 
over and above that stipulated 
in the agreement, in response to 
Palestinian needs and requests. 

Water, by its very nature, has a 
proven potential for engendering 
cooperation between nations 
rather than being a cause for war. 
Uri Shamir, Stephen Grand, Nancy 
Grand Water Research Institute, 
Technion - Israel Institute of 
Technology, Haifa 32000, Israel 
e-mail: shamir@technion.ac.il 
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Dissecting The Two Cultures 


Fifty years ago today, Charles Percy Snow argued in an influential lecture that the failure of science and the 
humanities to converse, and the lack of scientists in positions of power, was disastrous for society. In the 
first of three essays marking this anniversary, Martin Kemp contends that the real enemy of understanding 
is not these ‘Two Cultures’ but specialization in all disciplines. 


“The Two Cultures” is a phrase — like “the 
corridors of power” — that has seeped into 
common usage. Divorced from their original 
context, such phrases tend to become a form 
of negligent shorthand that allows us to avoid 
precise thinking. Both were coined by the same 
author, Charles Percy Snow — one-time physi- 
cist, prolific novelist and political climber. 

“The Two Cultures’ was the title of Snow’s 
hugely influential Rede Lecture at the Univer- 
sity of Cambridge, UK, on 7 May 1959. One 
culture was science; the other was the humani- 
ties, as represented by “literary intellectuals”. 
Snow decried what he saw as the total inability 
of highly educated people to cross a deep rift 
of mutual incomprehension. 

Snow’s cultural diagnosis is encapsulated in 
his famous challenge: “Once or twice I have 
been provoked and have asked the company 
[of ‘intellectuals’] how many of them could 
describe the Second Law of Thermodynam- 
ics. The response was cold: it was also negative. 
Yet I was asking something which is about the 
scientific equivalent of: “Have you read a work 
of Shakespeare's?” 

Snow’s early career as a research scientist 
had been aborted in the mid-1930s, when he 
became disillusioned by having to acknowl- 
edge that some of his experimental work on 
vitamin A — published in 
Nature with Philip Bowden 
— did not stand up to 
scientific scrutiny. He sub- 
sequently flourished as a 
novelist, most notably with 
his ‘Strangers and Brothers’ 
series, centered incestu- 
ously in the hermetic 
hothouse of Cambridge 
academic politics. 

He also climbed the 
ladder of official posts, 
rising to become par- 
liamentary secretary to 
the Minister of Technol- 
ogy (1964-1966) in the 
House of Lords as Baron 
Snow. He was a major 
shaper of Prime Min- 
ister Harold Wilson’s 
1963 vision of the “white 
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Science stalwart: Charles Percy Snow. 


heat of the technological revolution’, and 
commanded a wide audience both nationally 
and internationally. 

Snow saw applied science as holding the 
key to a humane future, in terms of a rational 
understanding of nature but also as the only 
force that could tackle the problems of well- 
being in developed and developing countries. 
Yet ‘Luddites’ from the humanities still pre- 
vailed in the ‘corridors of power’ — as Snow 
titled his 1964 novel. 


Fuelling the fire 
In 1960, as a student newly arrived at the Uni- 
versity of Cambridge, I inadvertently encoun- 
tered the person who was to reignite the 
controversy sparked by Snow. 
I saw a haggard figure, shamb- 


“In almostall 


cover of the slim volume of Snow’s lecture in 
the university book shop portrayed a well- 
nourished bulldog of a man in contemplative 
mode, with dark jacket and neat tie. An obvi- 
ous insider, in contrast to Leavis the outsider. 
Leavis despised Snow’s literary works: “as 
a novelist he doesn't exist; he doesn't begin to 
exist. He can't be said to know what a novel is.” 
Leavis also dismissed Snow’s authority as a cul- 
tural guru, regarding him as a mindless sign of 
the times: “he is a portent in that, being in him- 
self negligible, he has become for a vast public 
on both sides of the Atlantic a master-mind and 
a sage... It is ridiculous to credit him with any 
capacity for serious thinking about the prob- 
lems on which he offers to advise the world” 
Leavis acclaimed great lit- 
erature as the true guardian of 


ling across the lawns at Down- countries, a gulf human values: ‘the judgments 
ing College. He was draped in an = the literary critic is concerned 
elderly coat intended for a more of understanding with are judgments about life. 
ample frame. His leatheryneck has opened up by What the critical discipline is 
ot from a shirt with no tie. thetime students concerned with is relevance and 

ot knowing who he was, I gave E Paes precision in making and develop- 
him a wide berth, wary of being enter university. ing them.” He sided with Blaise 


asked for money. 

It transpired that this was the legendary don 
of English literature and fiery literary critic, 
Frank R. Leavis. In 1962 Leavis subjected 

Snow and “The Two 
Cultures’ to a stinging 
assault, described not 
unfairly by philoso- 
pher Simon Critchley 
as “a vicious ad hom- 
inem attack”. Leavis 
delivered his criticism 
in the Richmond Lec- 
ture that commemo- 
rated the last of his 30 
years of teaching at 
Downing College. 
Despite his inter- 
national reputation, 
Leavis remained, and 
relished remaining, an 
outsider in official uni- 
versity circles. Snow, by 
contrast, had become 
a heavyweight of the 
establishment. The 
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Pascal, the French seventeenth- 
century mathematician and theologian, who 
declared in his Pensées that “physical science 
will not console me for the ignorance of moral- 
ity in the time of affliction. But the science of 
ethics will always console me for the ignorance 
of the physical sciences.” 

For Leavis, science — and the technologi- 
cal society it was spawning — was devoid of 
humane values. He insisted on the need for 
other kinds of concern, “entailing forethought, 
action and provision about the human future”. 
To speak of human well-being only “in terms of 
productivity, material standards of living, hygi- 
enic and technological progress” was morally 
bankrupt. Leavis was witnessing with horror 
what he saw as the beginning ofa takeover by 
dreaded technocrats, the apocalyptic results of 
which had been portrayed by George Orwell in 
his 1949 novel Nineteen Eighty-Four. 


False divide 

Viewed historically, Snow’s way of setting up 
the debate about the two cultures was founded 
on a false comparison between knowledge of 
Shakespeare and thermodynamics. The roots 
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of this mistaken comparison were laid when 
knowledge in all forms of learning started 
to become specialized and professionalized, 
reaching an apogee when disciplines were 
institutionalized in the nineteenth century. 
The establishment of societies was not limited 
to the sciences and technologies. We can set, 
for instance, the founding of the Royal Col- 
lege of Veterinary Surgeons in 1844 beside that 
of the Government School of Design (later to 
become the Royal College of Art) in 1837. 

Since then, the general aspects of high culture 
have continued to engage professionals in the 
sciences and humanities to similar degrees. A 
2006 study from University College London 
showed that scientists are only a little less likely 
to watch a Shakespeare play than their coun- 
terparts in the humanities. Specialized research 
in the humanities is another matter. All 
academic subjects have 
become ‘laboratory’ pur- 
suits with respect to their 
specialized techniques 
and vocabularies. Snow’s 
poser about the second 
law of thermodynamics 
would be better matched 
against a narrower ques- 
tion in literary studies, such 
as asking what is meant by 
deconstruction as practised 
by the philosopher Jacques 
Derrida. 

On re-reading the Rede 
and Richmond lectures today, 


Literary legend: Frank R. Leavis. 


Iam struck by how they are very much of their 
time. It is difficult to disentangle the personal 
animosity, the citing of anecdotal experiences 
and the academic politics from the real issues. 

Perhaps the best statement of what was and 
remains at stake came in Snow's later essay “The 
Two Cultures: A Second Look, first published 
in The Times Literary Supplement in 1963: 
“Persons educated with the greatest intensity 
we know can no longer communicate with 
each other on the plane of their major intel- 
lectual concern. This is serious for our creative, 
intellectual and, above all, our normal life. It 
is leading us to interpret the past wrongly, to 
misjudge the present, and to deny our hopes of 
the future. It is making it difficult or impossible 
for us to take good action.” 

But we should also recall, above all in the 
light of current financial and eco- 
logical crises, Leavis’s insistence 
on the inadequacy of defining 
human ‘progress’ in terms of the 
implementation of technologies 
that have been seen as deliver- 
ing endless economic growth. 

The issue does not involve 
two monolithic ‘cultures’ 
of science and humanities. 
It is about the narrow spe- 

cialization of all disciplines 
and wider understanding. 
I wonder how many biolo- 
gists could answer Snow's 
test question, especially in 
the light of modern physics. 


© 2009 Macmillan Publishers Limited. All rights reserved 


TWO CULTURES OPINION 


I suspect that most scholars in the humanities 
would fare little better with the Derrida test. 

The problem is educational. There is 
certainly a division between ‘sciences’ and 
‘humanities, but the categories are too general 
to be useful in formulating any plan of action. 
It is the perceived need for intense specializa- 
tion of any kind — in history or physics, in 
languages or biology — that needs to be tack- 
led. Levels of early specialization vary across 
the world, but in almost all countries, a gulf 
of understanding has opened up by the time 
students enter university. 

What is needed is an education that 
inculcates a broad mutual understanding of 
the nature of the various fields of research, so 
that we might recognize where their special 
competence and limitations lie. To paraphrase 
Christ from the Bible, it is a case of ‘render 
unto science the things that are the sciences’ 
and ‘render unto humanities the things that 
are the humanities’. It is equally important not 
to render more to each than is warranted. The 
trick is to do this in the public arena, using 
well-informed judgement over what belongs 
and does not belong to each. 

Snow’s concern about the rift between 
science and the humanities is real and urgent. 
But so are Leavis's questions about the terms on 
which we can arrive at a humane definition of 
progress. a 
Martin Kemp is emeritus professor in history of 
art at the University of Oxford, Oxford, UK. 


See Editorial, page 10. 
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Science's new battle lines 


In the second of three essays on the ‘Two Cultures’, Georgina Ferry detects that today’s division 
lies between optimists and pessimists rather than between scientific and literary intellectuals. 


Optimism was not in vogue in literary circles 
in 1959, at the height of the cold war. Indeed, 
it had not enjoyed much currency throughout 
the twentieth century. With the decline of reli- 
gion, the rise of Freudian psychology and the 
social and political consequences of industri- 
alization, writers turned inward and found that 
the only remaining certainty was death. 

On the charge sheet that physicist and novel- 
ist Charles Percy Snow drew up against such 
“literary intellectuals” in his Rede Lecture of 
that year at the University of Cambridge, UK, 
was the beliefamong writers that scientists are 
“shallowly optimistic, unaware of man’s con- 
dition” Snow robustly countered that scien- 
tists were perfectly aware of the tragedy of the 
individual, but that as social beings they felt a 
compulsion to act to improve the lot of others. 
“There is plenty in our condition which is not 
fate, and against which we are less than human 
unless we do struggle,” he said. He was an advo- 
cate of science — but also of hope. 

Snow believed that the cultural divide 
he described was a recent phenomenon. 
It did not exist before the mid-nineteenth 
century, as is obvious in Richard Holmes’s 
brilliant panorama of the cultural impact 
of science in the Romantic period, The Age 
of Wonder (see Nature 457, 31-32; 2009). 
Holmes places at the centre of his nar- 
rative the personal friendship between 
chemist Humphry Davy and poet Samuel 
Taylor Coleridge. The young 


Writers lan McEwan (above) and Philip Pullman (right) are 
optimistic about science’s capacity to solve global problems. 


formerly professor of European thought at the 
London School of Economics, is a prominent 
critic of Enlightenment thinking and takes 
a dourly pessimistic view of the capacity of 
humanity to behave in a selfless fashion. “The 
idea of progress is detrimental to the life of 
the spirit,’ he declares in his essay ‘Agenda for 
Green Conservatism, reissued in his 2009 col- 

lection Grays Anatomy. 
Similarly, Martin Amis, author of novels 
including Time’s Arrow and The 


Davy’s infectious curiosity and “Despair may or Information, and short story 
enthusiasm delighted the poet. collections such as Einstein’s 
For his own part, Davy saw no may not make good Monsters, has argued that far 
conflict between working as__ literature.Science, _ from being progressive, scien- 
a scientist and writing verse i tific advance has led to a stead 

himself. The two ee expe- by contrast, S demotion or aaiecappeiniment” 
riences such as the inhalation impossible without of humanity. In a discussion on 
of nitrous oxide gas as part of hope.” literature and science that he 


Davy’s medical research, and 

foresaw the great boon that painless surgery 
would represent. In a letter sent to Davy on 
the first day of the nineteenth century, Col- 
eridge wrote that as science was “being neces- 
sarily performed with the passion of Hope, it 
was poetical”. 


An unsteady alloy 

Today, by contrast, some cultural commen- 
tators reserve a particular kind of literary 
scorn for the sciences’ claim of human better- 
ment. The influential philosopher John Gray, 
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hosted in 2008 at the Univer- 
sity of Manchester, UK, Amis explained how 
discoveries such as heliocentricity and evolu- 
tion have knocked us off our Graeco—Judaeo- 
Christian pedestal. 

Expanding on the inevitability of human- 
ity’s use, or misuse, of science for baleful 
purposes, such as racially based eugenics, he 
concluded that “Human beings and science 
are an unsteady alloy”. Asked what he meant, 
Amis answered: “Science means knowledge, 
knowledge is power, power corrupts. And 
that is not a metaphor — it is something the 
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intelligent among the political class have 
always understood.” 

Pessimists such as Gray and Amis argue that 
advances in knowledge and technology do 
nothing for human spiritual development. 
Most contemporary scientists would agree. 
The optimism of science is twofold: that its 
methods might reveal, one tiny pixel at a time, 
more of the wonder of the natural world; and 
that this knowledge might be applied to solve 
practical human problems. There is abundant 
evidence in both cases that this optimism is 
justified; but to ask that science should do 
more is fundamentally to misunderstand the 
nature of the enterprise. 

As in the time of Davy and Coleridge, the 
fault line today lies between optimists and 
pessimists, rather than between science and 
literature. For example, astrophysicist Martin 
Rees, president of the UK Royal Society, has 
published one of the bleakest outlooks for 
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humanity of recent years. Entitled Our 
Final Century (Heinemann, 2003; 
the US title is the even more melo- 
dramatic Our Final Hour), Rees’s 
book gives human civilization no 
more than a 50/50 chance of surviv- 
ing until 2100. What he fears is not 
climate change but bioterrorism, 
deploying the very technolo- 
gies that were developed as the 
solutions to many medical and 
industrial problems. 

At the same time, literary 
figures are beginning to line 
up with the optimists. Philip 
Pullman is the author of the 
internationally successful tril- 
ogy His Dark Materials and a 
regular participant in discus- 
sions on climate change. An 
atheist who has nevertheless 
read his Bible, he robustly backs 
St Paul’s imperative to be hope- 
ful. “Hope is the name not ofa 
temperament, or ofan emotion, 
but of a virtue,” he says. “A vir- 
tue is something that you have 
to work at, something you have 
to do. And we can try to think 
and act as if it’s possible to sur- 
vive and to make things better, 
because hope is a great energizer, 
a comforter, an inspirer.’ 

Novelist Ian McEwan, author of Atonement, 
is intrigued by the way science expands the 
possibilities of human action. The protago- 
nist of his novel Saturday, Henry Perowne, 


is a brain surgeon. The plot, which McEwan 
characteristically winds up to a pitch of 
almost unbearable suspense, turns on Per- 
owne’s training in neurological diagnosis 
and includes a lovingly detailed account 
of a neurosurgical operation. McEwan has 
maintained an informed interest in science 
for at least a decade, and what attracts him 


Astronomer Martin Rees (left) fears that the human race may not survive the next century; 
author Martin Amis (right) worries that science may be misused. 
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is its optimism. “You can’t be curious and 
depressed,” he told an interviewer 
(The Independent, 6 April 2007). 
“Curiosity is itself a sure stake in life” 
McEwan participated in the Cape 
Farewell project of 2005, in which 
artists and writers joined environ- 
mental scientists on an expedi- 
tion to Spitsbergen in the 
Arctic. Ever since, as he 
recently revealed in The 
New Yorker, he has been 
working on a novel that 
will have a physicist as 
its central character, 
and climate change asa 
“background hum’: The 
physicist is not heroic: 
he is physically unpre- 
possessing, a glutton 
and a philanderer, yet 
for all his human flaws 
he is trying to do some- 
thing good. 


Hope for the future 

Snow's 1959 lecture is 

often seen as the first 

serve in a slanging 

match between the arts 

and the sciences that 
has been replayed fit- 
fully ever since. His intention, however, was 
to focus on the necessity of action to alleviate 
the problems of the developing world, some- 
thing that concerned him much more than the 
cold war. Today those problems are as acute as 
ever, and climate change will only exacerbate 
them. Few would now argue that science alone 
has all the answers, or deny that technologi- 
cal development has presented new problems 
of its own. We are left with two choices. We 
can either regret the massive social and global 
changes that have accompanied the shift to 
a largely technologically driven society, and 
predict humanity’s decline; or we can use the 
skills we have — including science but also 
politics, art and literature — to try to mitigate 
the worst evils. 

Despair may or may not make good litera- 
ture. Science, by contrast, is impossible without 
hope. But it is not a shallow, Panglossian kind 
of hope. It is simply the energy to grapple with 
a problem and think about how it might be 
solved. We might well be adrift in a meaning- 
less Universe, but we might as well try to make 
the best of it. 

is a writer based in Oxford, UK. 
Her latest book is Max Perutz and the Secret of Life. 


See Editorial, page 10. 
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Snow's portrait of science in politics 


Charles Percy Snow ignited controversy around science and 
policy-making in a series of lectures at Harvard University a year after 
his ‘Two Cultures’ debate. Below we reproduce an extract from the 
resulting book, Science and Government. It gives a remarkable insight 
into how science feeds into political decision-making. 

Snow was one of Britain's leading science civil servants. He 
capitalized on his experience at the heart of the government 
machinery to analyse the role of science and scientists in the United 
Kingdom during the Second World War. He wanted to disentangle how 
political decisions were made during the war and, importantly, how 


scientific advice was used to make them. 


In the extract, Snow gives a colourful account of the decision to 
invest in the development of radar — an unproven technology in the 
mid-1930s that would prove to be key to the success of the allied war 


effort. 


In the years leading up to the war, the British government did not 
know how to handle the rise of Adolf Hitler and his military build-up 


Extract from 

Science and Government 

by C. P. Snow 

Harvard University Press: 1961. 


In 1934 both Tizard and Lindemann 
were nearly fifty. Of the two, Tizard 
had been by a long way the more 
successful, though even he, judged 
by the standard he set himself, had 
not lived up to his promise. He was 
a trusted man of affairs, he had been 
knighted, he was head of a univer- 
sity institution, but in his own eyes 
he had not done much. 

As for Lindemann, he had done 
much less. The professional physicists 
did not take him seriously as a scien- 
tist, and dismissed him as a cranky 


opposition. 


in Germany. Snow homes in on two men, both scientists. One is 

the chemist Henry Tizard — rector of Imperial College, London, 

and chairman of an influential committee that advised the Labour 
government to invest in radar technology. The other is Tizard’s 
one-time friend and later rival, Frederick Lindemann, a close adviser 
to Winston Churchill, who was then part of the Conservative 


Such an account could have been dry and factual, but this is not 
what we get from Snow's pen. Instead, his readers are treated to 
a page-turner. Snow the novelist is not afraid to tell us what his 


characters might be thinking. He is indiscreet about their personal 


lives, social connections and professional backgrounds. He guesses 
their motives and provides his own verdict on their judgements. 
Snow was attacked for not being detached enough in his analysis. 


Yet the book's accessibility ensured it was widely read. Five decades 


Frederick Lindemann (right) vehemently disagreed with Henry Tizard 
(left) over the development of radar as Britain's method of air defence. 


later, Science and Government remains a rare inside view of the 
relationship between science and political authority. 


Joanne Baker 


important to start with. No 
one took much notice when its 
membership was announced. 
There may have been slight 
curiosity about the appoint- 
ment, which was entirely due to 
Wimperis, of Tizard as chair- 
man. The appointment would 
not and could not have happened, 
though, if Tizard had not been so 
well connected in official life. 
Well, that committee was called 
the Tizard Committee almost from 
its first meeting. It is slightly touch- 
ing that in his diary Tizard, who 
could not use that title, never seems 
to have been quite certain what its 
official title really was. 
From the first meeting on Janu- 
ary 28th, 1935 he gripped the prob- 


society pet. Scientifically his name 

was worth little. He was the intimate friend 
of [Churchill] a politician whose name was 
scarcely worth as much. 

Then, quite suddenly, Tizard was given the 
chance for which he was made. England was 
strategically in a desperately vulnerable posi- 
tion, for reasons — the tiny size of the coun- 
try, the density of the population — which 
apply more harshly today. In 1934 [Stanley] 
Baldwin was the main figure in the govern- 
ment, and it was only two years since he had 
said lugubriously: “The bomber will always 
get through.” 

In public, rebellious politicians like Church- 
ill were attacking the whole of the government's 
defence policy. In secret, the government sci- 
entists, the military staffs, the high officials, 
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were beating round for some sort of defence. 
There was nothing accidental about this. It was 
predictable that England, more vulnerable to 
air attack than any major country, would spend 
more effort trying to keep bombers off. But 
there was something accidental and unpredict- 
able in Tizard being given his head. 

The Air Ministry, under the influence of 
their scientific adviser, H. E. Wimperis, him- 
self prodded by a bright young government 
scientist called A. P. Rowe, set up a Committee 
for the Scientific Study of Air Defence. Its 
terms of reference were as flat as usual: “To 
consider how far advances in scientific and 
technical knowledge can be used to strengthen 
the present methods of defence against hos- 
tile aircraft” The committee was nothing very 
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lems. This was the job for which 
he was born. Quite soon, by the summer of 
that year, small ripples of confidence oozed 
under the secret doors and penetrated White- 
hall, almost the only ripples of confidence that 
touched the official world during those years. 
Tizard insisted on a very small committee 
which he chose himself. Wimperis had to be 
there, Rowe was brought in as secretary, but 
at the beginning there were only two mem- 
bers of independent standing, A. V. Hill and 
P. M.S. Blackett. Both of these were eminent 
scientists, of a quite different order of accom- 
plishment from Tizard or Lindemann. Hill 
was one of the most distinguished physiolo- 
gists in the world and had won a Nobel prize 
in 1922. Blackett, who was only thirty-seven 
at this time, was one of [Ernest] Rutherford’s 
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most brilliant pupils, and later himself won a 
Nobel prize’... 

The committee made up its mind about 
[radar] before the device really existed. Watson 
Watt, who was the pioneer of radar in England, 
..., had done some preliminary experiments. 
This device might, not certainly but possi- 
bly, work in real war in three or four years. 
Nothing else possibly could. Tizard, Hill, 
Blackett had faith in their own rea- 
soning. Without fuss, and without 
backward glances, the choice was 
made. That was only a resolution 
on paper, and they had to make 
it actual. 

The administrative mechanism 
by which this was done is itself 
interesting. In form the Air Min- 
ister, Lord Swinton,* arranged for 
a new high-level committee... . 
Over this new body he himself 
presided, and on to it was brought 
the government's chief military 
critic, Winston Churchill. In fact, 
however, one has got to imagine 
a great deal of that apparently 
casual to-ing and fro-ing by which 
high English business gets done. 
As soon as the Tizard committee 
thought there was something in 
radar, one can take it that Tizard 
would lunch with Hankey’ at the 
Athenaeum; Hankey, the secre- 
tary of the Cabinet, would find 
it convenient to have a cup of tea 
with Swinton and Baldwin. If the 
Establishment had not trusted 
Tizard as one of their own, there 
might have been a waste of months 
or years. In fact, everything went 
through with the smoothness, the 
lack of friction, and the effortless speed 
which can only happen in England when 
the Establishment is behind one. Within a very 
short time the Tizard Committee were asking 
for millions of pounds, and getting it without 
a blink of an eye. Two successive secretaries of 
the Cabinet, Hankey and Bridges, did much 
more than their official duties in pushing the 
project through. 

The second active job was, in particular, 
to persuade the serving officers of the Air 
Staff that radar was their one hope and, in 
general, to make scientists and military peo- 
ple understand each other. Here again this 
might have been impossible. In fact, with the 
exception of those concerned with bombing 
policy, the senior officers were ready to be 
convinced as soon as Tizard started to talk.” 
They often thought of putting him in uni- 
form: but that would have defeated his whole 


virtue as an interpreter between the two sides. 
“T utterly refuse to wear a busby,” he used to 
say. Fairly soon he had not only got radar 
stations in principle accepted and hoped for, 
but also succeeded, with the help of Blackett’s 

exceptional drive and 


insight, in beginning to teach one lesson 
each to the scientists and the military, lessons 
that Tizard and Blackett went on teaching for 
twenty years. 

The lesson to the military was that you 
cannot run wars on gusts of emotion. You 
have to think scientifically about your own 
operations. This was the start of operational 
research,’ the development of which was 
Blackett’s major personal feat in the 1939-45 
war.’ The lesson to the scientists was that the 
prerequisite of sound military advice is that 
the giver must convince himself that, if he 
were responsible for action, he would him- 
self act so. It is a difficult lesson to learn. If it 
were learnt, the number of theoretical trea- 
tises on the future of war would be drastically 
reduced. 

The committee met for the first time, as I 
said, in January 1935. By the end of 1935 its 
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important decisions were in effect taken. By 
the end of 1936 most of those decisions were 
translated into action. It was one of the most 
effective small committees in history. But 
before it clinched its choices, there was a most 
picturesque row. 

The committee had been set up, as we 
saw, from inside the Air Ministry. One of 
the reasons was, no doubt, to forestall criti- 
cism from outside, which came most loudly 
and effectively from Churchill. In 1934 he 
had publicly challenged the government's 
underestimate of the size of Hitler’s air 
force. His figures, which had been 
produced by Lindemann, were 

much nearer the truth than the 

government's. Thus, simultane- 

ously, there were going on the 

secret deliberations and discus- 
sions of the Tizard Committee, and 
an acrimonious military argument 
in full light in the House of Com- 
mons and the press, with Churchill 
the antigovernment spokesman. 

It is one of the classical cases of 
“closed” politics coexisting with 
“open” politics. Passing from one 
to the other, an observer would not 
have known that he was dealing 
with the same set of facts. By the 
middle of 1935 Baldwin, who had 
just in form as well as fact become 
Prime Minister, wanted to reduce 
the temperature of the “open” mili- 

tary argument. He used the ortho- 
dox manoeuvre of asking Churchill 
in. Not into the Cabinet: the per- 
sonal rifts were too deep for that, 
but onto the new Swinton Com- 
mittee, [a] political committee ..., 
which was to keep a supervisory 
eye on air defence. 
The history is very tangled at this point. 
No minutes have ever been published, but if1 
know Hankey and his colleagues at all — and I 
had the good luck to work under them a short 
time later — I have not much doubt that on the 
one hand they felt confident that they could 
give the Tizard Committee its head (Tizard sat 
himself on the political committee and made 
his requests for money to it), and that on the 
other hand it could not do harm, and might do 
good, if Churchill were given exact informa- 
tion of what was actually being done, rather 
than inexact. 

Roughly that was what happened, but there 
were other consequences. Churchill entered 
the political committee, retaining the right 
to criticise in public and insisting that Lin- 
demann, as his personal scientific adviser, be 
given a place on the Tizard Committee. Both 
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these conditions were reasonable enough: but 
then the private war began. 

Almost from the moment that Lindemann 
took his seat in the committee room, the meet- 
ings did not know half an hour’s harmony or 
work undisturbed. I must say, as one with a 
taste for certain aspects of human behaviour, I 
should have dearly liked to be there. The faces 
themselves would have been a nice picture. 
Lindemann, Hill, and Blackett were all very 
tall men of distinguished physical presence 
— Blackett sculptured and handsome, Hill 
ruddy and English, Lindemann pallid, heavy, 
Central European. Blackett and Hill would be 
dressed casually, like academics. Tizard and 
Lindemann, who were both conventional in 
such things, would be wearing black coats and 
striped trousers, and both would come to the 
meetings in bowler hats. At the table Blackett 
and Hill, neither of them especially patient 
men nor overfond of listening to nonsense, sat 
with incredulity through diatribes by Linde- 
mann, scornful, contemptuous, barely audi- 
ble, directed against any decision that Tizard 
had made, was making, or ever would make. 
Tizard sat it out for some time. He could be 
irritable, but he had great resources of tem- 
perament, and he knew that this was too seri- 
ous a time to let the irritability flash. He also 
knew, from the first speech that Lindemann 
made in committee, that the friendship of 
years was smashed. 

There must have been hidden resentments 
and rancours, which we are now never likely 
to know and which had been latent long before 
this. No doubt Lindemann, who was a pas- 
sionate man, with the canalised passion of the 
repressed, felt that he ought to have been doing 
Tizard’s job. No doubt he felt, because no one 
ever had more absolute belief in his own con- 
clusions, that he would have done Tizard’s job 
much better, and that his specifics for air defence 
were the right ones, and the only right ones. No 
doubt he felt, with his fanatical patriotism, 
that Tizard and his accom- 
plices, these Blacketts, 
these Hills, were a menace 
to the country and ought to 
be swept away. 

It may have been — there 
are some who were close to 
these events who have told 
me so — that all his judg- 
ments at these meetings were 
due to his hatred of Tizard, 
which had burst out as 
uncontrollably as love. That 
is, whatever Tizard wanted 
and supported, Lindemann 


would have felt unshakably The racy style of Snow's book 
was certain to be wrong and__meantit was widely read. 
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“But the trouble is when you get on to any kind of moral escalator, to know whether you're ever 


going to be able to get off." — C. P. Snow (1961). 


would have opposed. The other view is that 
Lindemann’ scientific, as well as his emotional, 
temperament came in: it was not only hatred for 
Tizard, it was also his habit of getting self-blind- 
ingly attached to his own gadgety 
ideas that led him on. Whatever the 
motive was, he kept making his case 
to the committee in his own charac- 
teristic tone of grinding certainty. It 
was an unjustifiable case. 

The issue in principle was very 
simple. Radar was not yet proved 
to work: but Tizard and the oth- 
ers, as I have said, were certain 

that it was the only hope. None of 
them was committed to any spe- 
cial gadget. That was not the cast 
of their minds. There was only a 
limited amount of time, of peo- 
ple, of resources. Therefore the 
first priority must be given to 
radar — not only to making the 
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equipment, but to making arrangements, well 
in advance even of the first tests, for its opera- 
tional use. (It was in fact in the operational use 
of radar, rather than in the equipment, that 
England gota slight tactical lead.) 
Lindemann would not have any of this. 
Radar was not proved. He demanded that it 
should be put much lower on the priority list 
and research on other devices given the high- 
est priority. He had two pet devices of his own. 
One was the use of infra-red detection. This 
seemed wildly impracticable then, to any of 
the others and to anyone who heard the idea. 
It seems even more wildly impracticable now. 
The other putative device was the dropping, 
in front of hostile aircraft, of parachute bombs 
and parachute mines. Mines in various forms 
had a singular fascination for Lindemann. 
For twelve months Lindemann ground on 
with his feud on the committee. He was tire- 
less. He was ready at each meeting to begin 
again from the beginning. He was quite 
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C. P. Snow championed openness but recognized that radar would not have been developed without 
‘closed’ decision-making. 


unsoftened, quite impregnable to doubt. Only 
a very unusual man, and one of abnormal 
emotional resistance and energy, could sit with 
men so able and not be affected in the slightest 
regard. 

They themselves were not affected so far as 
choice was concerned. Tizard went ahead with 
the radar decisions and let Lindemann register 
his disagreement. But gradually they got worn 
down. Neither Blackett nor Hill was phlegmatic 
enough to endure this monomaniac tension for 
ever. In July 1936,"° when the committee were 
preparing a report, Lindemann abused Tizard 
in his usual form, over the invariable issue of 
too much priority for radar, but in terms so 
savage that the secretaries had to be sent out 
of the room.” 

At that point Blackett and Hill had had 
enough of it. They resigned and did not try to 
give an emollient excuse for doing so. Whether 
this was done after discussion with Tizard is 
not clear. No discussion was really necessary. 
They all believed that this friction was doing 
too much harm. They were all experienced 
enough to know that, with Churchill still out 
of office, they could make their own terms. 

Within a short time the committee was reap- 
pointed. Tizard was still chairman, Blackett and 
Hill were still members. Lindemann, however, 
was not. He was replaced by E. V. Appleton, the 
greatest living English expert on the propagation 
of radio waves. Radar itself was an application of 
Appleton’s fundamental work. The announce- 
ment of his name meant, in the taciturn elo- 
quence of official statements, a clear victory for 
radar and for Tizard. The radar stations and the 
radar organisation were ready, not perfect but 
working, in time for the Battle of Britain. This 


had a major, and a perhaps decisive, effect. 

This cautionary story of the first Linde- 
mann-Tizard collision seems to me to contain 
anumber of lessons, some of them not obvious. 
But there is one, at the same time so obvious 
and so ironic that I shall mention it now. It is 
simply that the results of closed politics can run 
precisely contrary to the results of open poli- 
tics. That is an occupational feature of the way 
in which closed politics works and the way in 
which secret choices are made. Probably not 
more than a hundred people had any informa- 
tion whatever about Tizard’s first radar deci- 
sion; not more than twenty people took any 
effective part in it, and at the point of choice 
not more than five or six. 

While that was going on, so also was violent 
open politics, the open politics of the thirties, 
the most ferocious and deeply felt open politics 
of my lifetime. Nearly everyone I knew of my 
own age who was politically committed, that is, 
who had decided that fascism had at all costs 
to be stopped, wanted Churchill brought into 
government. Partly for his own gifts, partly as 
a symbol of a country which was not going to 
let the Nazis win by default. We signed col- 
lective letters about Churchill; we used what 
influence we had, which in those years was not 
much. We wanted a government which would 
resist, the kind of government we finally got in 
1940. That was the position, I think, of Blackett 
and most of my liberal friends. It was certainly 
my own. Looking back, I think we were right, 
and if put back in those years again I should 
do what I did then. 

The ifs of history are not very profitable 
— but if Churchill had been brought back to 
office, if open politics had gone the way my 
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friends and I clamoured and implored that it 
should? We should, without any question, have 
been morally better prepared for war when it 
came. We should have been better prepared 
in the amount of war material. But, studying 
the story I have just told, I find it hard to resist 
the possibility that, in some essential technical 
respects, we might have been worse prepared. 
If Churchill had come into office, Lindemann 
would have come with him, as happened later. 
It is then very hard to imagine Lindemann not 
getting charge of the Tizard Committee. As 
I have said, I take a pretty Tolstoyan view of 
history in the large. In a broad sense I cannot 
easily accept that these small personal acci- 
dents could affect major destinies. 

And yet ... without getting the radar in time 
we should not have stood a good chance in 
the war that finally arrived. With Lindemann 
instead of Tizard, it seems at least likely that 
different technical choices would have been 
made. If that had been so, I still cannot for the 
life of me see how the radar system would have 
been ready in time. 

These retrospective fears are not profitable. 
But I do not know ofa clearer case where open 
and closed politics appear to tell such different 
stories and point to such different fates.  m 


Reprinted by permission of the publisher from Science and 
Government by C. P. Snow, pp. 23-38, Harvard University 
Press, Cambridge, Mass. © 1960, 1961 by the President and 
Fellows of Harvard College. © renewed by Charles Percy Snow. 


Endnotes 

'Rowe played an important part, easy to underestimate 
because the whole of it was secret, in the scientific war, 
935-45. He is best known as the superintendent of the 
Telecommunication Research Establishment, the most 
brilliant and successful of the English wartime research 
stablishments. 

tis worth noticing that Wimperis, who was a peace-loving, 
sweet-natured man, ill-at-ease among violent disputes, both 
got the committee going and selected Tizard. 

3 

4 


Oo 


n1948. 

Lord Swinton's part in these preparations, like Rowe's, though 
for different reasons, has been constantly underestimated. 

°At this time Sir Maurice, later Lord, Hankey. One of the great 
invisible influences in English affairs, particularly military 
affairs, for a generation. His part has not yet been properly 
described. 

®Later head of the Civil Service and now Lord Bridges. 

7Cf. P.M. S. Blackett, “Tizard and the Science of War,” Nature 
185, 647-653 (1960). 

®"Qperations research” in the United States. But the English 
started it, and | much prefer the English name. In the 1914-18 
war, A. V. Hill's scientists were testing anti-aircraft gunnery 
and were carrying out what we should later have called 
operational research. 
°P. M.S. Blackett, “Operational Research,” Brassey's Annual 
1953) 88-106. 
Not 1937 as stated in [W. S.] Churchill [The Second 

World War Vol. 1 (Cassell, 1948)], p. 120. There are other 
inaccuracies in the chapter (“Problems of Sea and Air, 1935- 
1939,” pp. 115-128). 
"This is Blackett’s account. Rowe is inclined to think, without 
being certain, that this critical quarrel took place before a 
meeting. It may easily have happened that, since a row was 
expected, the secretaries were told not to come in at the 
beginning. 

See Editorial, page 10. 
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Homo floresiensis from head to toe 


Daniel E. Lieberman 


Fossils of tiny ancient humans, found on the island of Flores, have provoked much debate and speculation. Evidence 
that they are a real species comes from analyses of the foot and also — more surprisingly — of dwarf hippos. 


Good science requires a healthy dose of tem- 
pered scepticism — at its heart, the process 
involves trying to reject proposed hypotheses. 
So it was understandable that the announce- 
ment'” in 2004 of the discovery of a species of 
dwarfed hominin, Homo floresiensis, from the 
island of Flores, Indonesia, stimulated a range of 
opinions, many of them sceptical, that the fos- 
sils constituted a new species and were not the 
consequence of some pathological condition. 

Two papers in this issue, by Jungers and col- 
leagues’ and by Weston and Lister’, together 
with contributions to a special online issue of 
the Journal of Human Evolution, will go along 
way towards addressing the sceptics’ concerns. 
The studies provide considerable evidence — 
literally from head to toe — that H. floresiensis 
is a true species of hominin (that is, a species 
more closely related to humans than to chim- 
panzees and other apes). More importantly, 
the analyses prompt hypotheses about the 
human family tree that will require more fossil 
evidence to test. 

So far, remains of H. floresiensis have been 
excavated from just a single cave, Liang Bua 
(Fig. 1). The fossils include a partial skeleton 
(LB1) plus fragments of at least half a dozen 
more individuals now dated to between 95,000 
and 17,000 years ago”*. These were small people, 
about a metre tall. Most remarkably, LB1’s skull 
hasa chimp-size brain of 417 cm’ in an approxi- 
mately 30-kg body. Some palaeoanthropologists 
hypothesized that H. floresiensis evolved from 
a non-modern species of hominin, possibly 
H. erectus, through a process called insular 
dwarfing that is common to islands such as 
Flores, in which large species undergo intense 
selection to become small. Archaeological data 
showed that H. floresiensis made stone tools, 
and hunted dwarfed elephants (Stegodon) and 
giant varanid lizards (Komodo dragons) that 
were also present on the island. 

Such a minuscule brain in a species so recent 
that also made stone tools has strained credu- 
lity. Several scholars argued that the bones 
come from a pathological population of human 
pygmies suffering from some developmental 
syndrome that includes microcephaly’ ”. All 
such diagnoses have proved problematic, 
because none accounts for the entire suite of 


Figure 1 | Fossil site — Liang Bua cave on the island of Flores. 


features evident in H. floresiensis, including the 
size and shape of the brain and cranium’? ”, 
and the anatomy of the shoulder’ and wrist". 

The most serious criticism, however, has been 
that LB1’s brain is too small to be explained by 
known scaling relationships between brain and 
body size. Across species, brain mass typically 
scales to body mass to the power of 0.75, but 
among closely related species the scaling expo- 
nent is usually 0.2-0.4, and within species it is 
0.25 or less'*. Accordingly, if LB1 were a dwarfed 
human of 30 kg, then its predicted brain volume 
would be about 1,100 cm’; if it were a dwarfed 
H. erectus then its brain volume would be 
expected to be about 500-650 cm’. Allin all, 
many scientists (myself included) have sat on 
the fence, waiting for more evidence about the 
nature and form of H. floresiensis. 

And now we have some. One remarkable 
line of thinking (page 81) comes from Jungers 
and colleagues’ description’ of the species’ 
fascinating foot. In some respects the foot is 
very human-like: the big toe is aligned with the 
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other toes; the middle of the foot apparently 
had a locking mechanism to help stiffen the 
arch after the heel lifted off the ground; and 
the metatarsals are typically human in several 
respects, including upwardly oriented joints at 
their ends that enable the toes to extend at the 
end of stance (the part of the stride when the 
foot is on the ground). But otherwise this is no 
human foot. Its approximate length, 20 cm, is 
much longer than one would find in any person 
of that stature, and instead has the proportion- 
ate length of a chimpanzee or an australopith (a 
genus of early hominin). Additional primitive 
features include long, curved and robust lat- 
eral toes; a short big toe; and a weight-bearing 
process on a crucial bone, the navicular, which 
acts like the keystone at the top of the inside of 
the human arch. 

Together, these features suggest that the foot 
of H. floresiensis was capable of effective walk- 
ing, because the middle of the foot could be 
stiffened when the calf muscles raised the heel 
off the ground. This mechanism permits the 


41 


C. TURNEY, UNIV. WOLLONGONG 


NEWS & VIEWS 


NATURE|Vol 459|7 May 2009 


Figure 2 | The human 


Homo Homo Homo family tree. Homo 
neanderthalensis sapiens feiss floresiensis might be 
x - = oe most closely related to 
, early H. erectus, but 
also shows potential 
Pea aa ane affinities with 
ustra ITNECU. “Ds . 
] ee lopthecu te Be ne H. habilis. In either 
LS boisei case, recognizing 
heidelbergensis H. floresiensis as a 
1 species will require 
2 |_| I. us to re-examine how 
= tara al 7 ss) we define species 
Australopithecus oe P -cacumnlll of the genus Homo 
(Homo) Homo | lee and how they were 
rudolfensis habilis = aethiopicus related to each other. 
S 3 Denon ae sip Reasonably well- 
5 ¢ Kevanih oD) “to = Australopithecus Hao - eelabionsiies 
> platyops africanus are indicated by solid 
2 Australopithecus aes less ana 
£ Jz oe afarensis relationships are 
5 ah Australopithecus ie indicated by dotted 
anamensis Ardipithecus 
| u Aen arrows. Broken 
_| vertical bars indicate 
uncertainties about 
5 when species evolved 
or went extinct. 
Ardipithecus 
kadabba 


Ororrin I 


6 tugenensis —H 


Sahelanthropus 
7 tchadensis ‘| 


toe flexors to push the body up and forwards 
at the end of stance. But the inside of LB1’s arch 
was either weak or flat, and apparently lacked 
the spring-like mechanism that humans use to 
store and release energy during running”. In 
addition, the long, slightly curved toes probably 
posed no hindrance to walking, but would have 
created problematically high torques around 
the toe joints during running”. 

It is often assumed that a human-like foot 
with short toes and a high arch evolved for 
walking. But the primitive foot of H. floresiensis 
provides a tantalizing model for a non-modern 
hominin foot that had evolved for effective 
walking before selection for endurance run- 
ning occurred in human evolution”®. Recently 
discovered footprints from Kenya indicate 
that a modern foot had evolved by 1.5 million 
years ago, presumably in H. erectus'*. Unless 
the Flores fossils re-evolved a primitive foot, 
they must have branched off the human line 
before this time. 

The papers in the special issue of the Journal 
of Human Evolution bolster previously pub- 
lished evidence that the mosaic of primitive 
and derived features evident in the H. floresien- 
sis foot can be seen elsewhere in the skeleton. 
Many aspects of the anatomy, such as the scap- 
ula, are quite human-like in spite of being tiny. 
But there are also numerous primitive features 
that resemble those of either australopiths or 
early Homo. Primitive features in the upper 
limbs include a relatively short, very curved 
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clavicle; a straight humerus that lacked the 
normal degree of twisting between the shoul- 
der and the elbow; and an ape-like wrist'*"*”. 
Primitive features in the hip and lower limbs 
include flared iliac blades, relatively small joints 
and relatively short leg bones’””. 

These features suggest that H. floresiensis 
evolved from a species that was anatomically 
more primitive than classic H. erectus from Asia. 
One possibility (Fig. 2) is that H. floresiensis 
evolved from H. habilis, whose skeleton is poorly 
known but is australopith-like in many respects. 
Another is that H. floresiensis descended from 
an earlier type of H. erectus, whose body may 
have been much less modern than we currently 
credit, and which perhaps deserves a separate 
species designation (H. ergaster). 

But what about the head of H. floresiensis? 
LB1 has a vertical face, no snout, and most of its 
teeth generally resemble those of H. erectus. A 
state-of-the-art shape analysis” indicates that 
the LB1 skull conforms to what one predicts 
from a scaled-down H. erectus or possibly a 
H. habilis. Yet one also needs to explain how 
the species got such a small brain. 

Here hippos come to the rescue. Weston 
and Lister (page 85)* analysed several species 
of fossil hippo that underwent insular dwarf- 
ing in Madagascar. In these species, brain mass 
scales to body mass to the power of 0.35 after 
growth has slowed in infancy, and to 0.47 when 
growth from birth is considered. Further, in 
some dwarfed species, natural selection 
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evidently shrank brains to volumes well below 
the sizes predicted by these relationships. The 
extra reduction presumably occurs because 
brain tissue is so metabolically costly that ani- 
mals with relatively smaller brains can save 
energy when resources are scarce. 

Such dwarfing is enough to account for LB1’s 
417-cm’ brain and 30-kg body if H. floresien- 
sis were a dwarfed version of the small early H. 
erectus females from Dmanisi, Georgia, that 
were 40 kg and had brain volumes in the range 
600-650 cm’ (ref. 22). Alternatively, H. floresien- 
sis might be descended from H. habilis, whose 
body size was possibly just as small, about 30 
kg in females. But this hypothesis, too, requires 
some significant brain shrinking, about 25%, 
because the smallest known H. habilis cranium 
(KNM-ER 1813) has a 509-cm’ brain. 

Overall, H. floresiensis presents a fascinat- 
ing conundrum, and prompts some tantalizing 
predictions that will continue to strain credu- 
lity without more fossil evidence. First, if the 
species evolved from early H. erectus, possibly 
like the fossils found at Dmanisi, then this 
species (or group of species) was more diverse 
and anatomically more primitive in many 
respects (hands and feet for example) than 
previously recognized. A more audacious 
hypothesis is that H. floresiensis evolved from 
an even more primitive species, perhaps 
H. habilis. If so, then this species also migrated 
out of Africa but left no trace yet found, except 
on Flores. My wager is on the first possibil- 
ity. But the only way to test these and other 
hypotheses is to find more fossils, especially in 
Asia. Get out your shovels! a 
Daniel E. Lieberman is in the Department of 
Anthropology, Harvard University, Cambridge, 
Massachusetts 02138, USA. 
e-mail: danlieb@fas.harvard.edu 
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ASTROPHYSICS 


Galaxy connections 


James Dunlop 


A combined millimetre- and visible-light view of a forming cluster of 
galaxies in the young Universe adds yet another piece to the puzzle of how 
today's Universe of galaxies formed and evolved. 


What is the evolutionary pathway of a galaxy? 
And how do different galaxy populations relate 
to one another? On page 61 of this issue, Tamura 
and colleagues’ get closer to answering these 
questions by showing that two apparently very 
dissimilar types of star-forming galaxy develop 
synchronously within a young cluster of galax- 
ies seen 2 billion years after the Big Bang. 

It is now 30 years since the advent of charge- 
coupled device (CCD) cameras on large opti- 
cal telescopes facilitated the first meaningful 
searches for ‘primeval’ galaxies in the young 
Universe’. These first surveys were moti- 
vated by the natural expectation that young, 
rapidly star-forming galaxies would be bright at 
ultraviolet wavelengths owing to the presence 
of large numbers of very hot, short-lived mas- 
sive stars. In particular, it was anticipated that 
these galaxies would exhibit strong ultravio- 
let emission lines owing to the ionization and 
subsequent recombination of hydrogen atoms. 
Because of the expansion of the Universe, the 
strongest such line, Lyman-a, would be red- 
shifted from its original ultraviolet wavelength 
of 121.5 nanometres into the observable optical 
window at redshifts z>2.5. 

In the past decade, with the additional 
light grasp offered by 8-metre-class optical 
telescopes, this technique of finding galaxies 
through their Lyman-a emission has really 
come of age, and substantial numbers of 
young galaxies have been discovered out to 
redshifts z> 5. The current record holder for 
the most distant known object is a Lyman-a 
emitter (LAE) uncovered at z= 6.96, when the 
Universe was less than 1 billion years old’. 

There is no doubt that LAEs fit the bill as 
young, star-forming galaxies. However, indi- 
vidually they are generally rather unspec- 
tacular objects, with low masses and typical 
star-formation rates of only a few solar masses 
per year. They certainly fall a long way short of 
the extreme bursts of star formation apparently 
required at high redshift to produce the mas- 
sive, old stellar populations found in present- 
day elliptical galaxies’. But such super-starbursts 
in the young Universe have now been found, as 
a result of a second technological revolution in 
the mid- 1990s — the advent of the first submil- 
limetre- and millimetre-wave cameras’. 

It turns out that in these extreme starburst 
galaxies, which form several hundred solar 
masses of stars per year, most of the ultravio- 
let light from the young stars is absorbed by 
interstellar dust grains, re-emitted in the far- 
infrared, and redshifted to (sub)millimetre 


wavelengths. These submillimetre galaxies 
(SMGs) seem to be very different from even 
the most extreme LAEs, and understanding 
the origin of this difference, and the nature 
of any connection between these two popula- 
tions, has become an important goal in cur- 
rent galaxy-formation research. In their study, 
Tamura et al.' shed some interesting new light 
on this issue, presenting the results of the first 
large-scale millimetre-wave survey of a known 
proto-cluster of LAEs at z= 3.1 (ref. 6). 

Even in this sort of targeted study, establish- 
ing the relationship between SMGs and LAEs 
is a tricky business. Optical astronomy is still 
far ahead of millimetre-wave astronomy in 
terms of image quality and information con- 
tent. By nature of their selection, LAEs are 
discovered at a well-defined redshift, whereas 
the millimetre-wave image of a given patch of 
sky detects all very luminous dust-enshrouded 
galaxies along the line of sight out to extreme 
redshifts of z~ 8. 

This ‘complete’ view of the Universe offered 
by millimetre-wave astronomy is in fact one of 
its greatest strengths, and is a key driver for the 
forthcoming Atacama Large Millimeter/Submil- 
limeter Array (ALMA) facility in Chile. But the 
image obtained by Tamura et al.' ata wavelength 
of 1.1 mm, using the AZTEC camera’ mounted 
on the 12-metre-diameter ASTE (Atacama Sub- 
millimeter Telescope Experiment) telescope, 
essentially consists of 15 blobs with unknown 
redshifts, and rather poorly determined posi- 
tions. Nevertheless, the strength of the AZTEC 
map is that it is 20 times bigger than previous 
(sub)millimetre maps of this field of the sky, and 
Tamura et al. have extracted maximum infor- 
mation from this new image. In particular, they 
present a compelling case that at least some 
of the SMGs lie within the z= 3.1 filamentary 
proto-cluster traced out by the LAEs. 

The evidence is quantified in terms of a sta- 
tistically significant cross-correlation between 
the positions of the LAEs and SMGs on the sky. 
However, perhaps the most convincing result is 
the visually obvious fact that the brightest SMG 
uncovered in the AzTEC image lies right in the 
heart of the proto-cluster. At the same time, 
Tamura et al. reaffirm the distinction between 
LAEs and SMGs. None of the LAEs is detected 
in the AZTEC map; the authors were unable to 
achieve even a marginal detection at 1.1 mm 
when attempting to add the millimetre-wave 
fluxes extracted from the AzTEC map at the 
positions ofall 166 LAEs. This non-detection 
confirms that typical LAEs contain less than 
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50 YEARS AGO 

According to the present model, 
the solar corona consists of a 
gas of electrons and protons 
with a small mixture of heavy 
elements which is isothermal at 
a temperature of approximately 
a million degrees and which is 

in hydrostatic equilibrium in the 
gravitational field of the Sun. 
The alternative model which 

we propose is that the solar 
corona consists of trapped 
charged particles moving in the 
magnetic field of the Sun, very 
like the charged-particle cloud 
surrounding the Earth which has 
been recently discovered by Van 
Allen and his collaborators. 

In order to check the 
hypothesis suggested above, 
precise measurements of the 
polarization over a wide spectral 
range, as well as of the spectral 
composition of the light, will be 
important. We are now planning 
to carry out such measurements 
during the eclipse of October 2, 
1959. 

From Nature 9 May 1959 


100 YEARS AGO 
Statements have been made in 
the medical and general Press 
that the electric waves used in 
wireless telegraphy are injurious 
to the operators and produce 
various diseases, such as 
conjunctivitis, corneal ulceration, 
and leukoma. Mr. Marconi 
writes to the Times to deny these 
suggestions, for which, he says, 
there is no evidence whatever. 
He adds:— “During the twelve 
years or so of our operations we 
have had to deal with no single 
case of compensation for any 
injury of this origin, nor, so far 

as | can ascertain, has any such 
injury been suffered. Speaking 
for myself, | may remark that 

my own good health has never 
been better than during the 
often extended periods when 

| have been exposed for many 
hours daily to the conditions now 
challenged, and in the constant 
neighbourhood of electrical 
discharges at our Transatlantic 
stations, which | believe are the 
most powerful in the world.” 
From Nature 6 May 1909 
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1% of the dust found in luminous SMGs. 

Tamura and colleagues’ results' are important 
for a number of reasons. First, if SMGs really are 
the progenitors of today’s most massive ellipti- 
cal galaxies, which are preferentially found in 
rich galaxy clusters, the expectation is that they 
will be found within high-density regions of the 
high-redshift Universe. This study thus provides 
powerful support for the ‘SMG to giant elliptical’ 
evolutionary pathway, consistent with previous 
evidence for an excess of SMGs in the high-den- 
sity regions at high redshift marked out by the 
most powerful radio galaxies and quasars’. Sec- 
ond, it indicates that both the dust-enshrouded 
and ‘transparent’ modes of star formation, rep- 
resented by SMGs and LAEs, respectively, can 
occur in the same proto-cluster in the same 
cosmological epoch. 

The next obvious step is to obtain spectroscopic 


redshifts for the SMGs revealed by the AZTEC 
image of this field, to confirm how many of 
them are really physically associated with the 
z=3.1 LAE proto-cluster. This will be difficult, 
as only a subset of SMGs allow sufficient ultra- 
violet light to escape through the dust for red- 
shifts to be determined with optical telescopes. 
However, when ALMA becomes operational in 
the next five years, it will be relatively straight- 
forward to determine the redshifts of known 
SMGs from their molecular carbon monox- 
ide line emission at millimetre wavelengths. 
It will also be important to try to invert this 
study, and search for clusters of LAEs around 
SMGs that have been revealed by larger-scale, 
(sub) millimetre surveys’. This would allow us 
to test whether every luminous high-redshift 
SMG lies within a proto-cluster of lower-mass 
LAEs. Such multi-waveband studies hold the 


key to future progress in our understanding of 
the formation pathway that led to the galaxies 
of stars we see around us today. a 
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TRANSLATION 


Till termination us do part 


William Merrick 


Translation of messenger RNA into protein is a complex and intricate process involving several steps and many 
step-specific protein factors. But one factor — elF5A — seems to havea hand in every step. 


The process of translation is divided into 
three main steps: initiation, elongation and 
termination. Initiation involves the binding 
of ribosomes — the cell’s protein-synthesis 
machinery — to a specific start site on the mes- 
senger RNA sequence. During elongation, the 
ribosome moves along the mRNA, translating 
its sequence into a chain of amino acids that 
are supplied by transfer RNA. Termination 
occurs when the ribosome and the nascent 
polypeptide both detach from the mRNA after 
reaching the end of the protein-coding region 
on the mRNA. In all three domains of life 
(bacteria, archaea and eukaryotes), specific 
protein factors aid each translation step. For 
example, two universally conserved elongation 
factors have been identified; their eukaryotic 
versions are called eEF1A and eEF2. On page 
118 of this issue, Saini et al.' report the exist- 
ence of a third universal elongation factor, 
eIF5A, which is unique in that it also acts as 
an initiation factor and a termination factor. 
That eIF5A is an essential protein in yeast 
is well established. Moreover, much is known 
about its physical characteristics and biologi- 
cal function’. But, despite spectacular advances 
in the structural analysis of both ribosomes in 
complex with translation factors and indi- 
vidual factors, the sequential use of eIF5A asa 
translation factor has not been investigated in 
detail. Until now, eIF5A has been assumed to 
be an initiation factor, because when purified 
it is recovered in association with the initia- 
tion factor eIF1A, and it is required for optimal 
results in a model assay for the initiation step 
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called methionyl puromycin synthesis’. 
Several observations set eIF5A apart from 
other initiation factors. For example, it is the 
only initiation factor that is more abundant as 
a free protein than when bound to ribosomes. 
Also, the lysine residue at position 51 is post- 
translationally modified to another amino 
acid, hypusine* (N*-(4-amino-2-hydroxybutyl) 


lysine), which is not found in any other pro- 
tein in eukaryotes or archaea’ and which is 
essential for eIF5A activity®. Curiously, unique 
post-translational modifications of translation 
factors have been reported previously for only 
eEF1A and eEF2 (ref. 2). Finally, sequence 
alignment analysis” indicates that eIF5A has 
evolved from the bacterial elongation factor 


EVOLUTIONARY RELATIONSHIPS BETWEEN BACTERIAL AND 
EUKARYOTIC TRANSLATION FACTORS 


Bacterialfactor | Function Eukaryotes Function 

Hypothetical Unknown elF1 Enhances AUG recognition 

protein* 

IF1 Enhances AUG recognition elFIA Enhances AUG recognition 

SelB Binds GTP and elF2y Binds GTP and met-tRNA, 
selenocysteinyl-tRNA 

W2 A helicase, function elF4A DEAD box helicase, 
not defined subunit of elF4F 

EF-P Elongation elF5A Elongation (and more?) 

1F2 Binds GTP and initiator tRNA elF5B GTPase, subunit joining 

EFIA GTPase, binds eEFIA GTPase, binds aminoacyl-tRNA 
aminoacyl-tRNA to A site to Asite 

EF2 GTPase, ribosome eEF2 GTPase, ribosome translocation 
translocation 

(EFIA) GTPase, binds eRF3 GTPase, termination 


aminoacyl-tRNA to A site 


All organisms use specific protein factors for each of the three translation steps: initiation (yellow), elongation (blue) and termination 
(pink). Bacterial and eukaryotic factors with sequence similarity to each other appear together in the same row. They do not, however, 
necessarily perform the same biological function or facilitate the same reactions in a certain translation step. Exceptions are the three 
universally conserved elongation factors — including elF5A, identified by Saini and colleagues'— and the initiation factors elF1 and elFIA. 
The colour green indicates factors of unknown function. AUG, initiation codon. (Table adapted from ref. 2.) 


*For example, the hypothetical E. coli protein YCIH’”. 
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EF-P and not from an initiation factor. Thus, 
the amino-acid sequence and function’*”* of 
eEF1A, eEF2 and eIF5A are universally main- 
tained. By contrast, the amino-acid sequence 
and function of many of the polypeptides asso- 
ciated with either the eukaryotic initiation or 
termination step shows that they have not 
evolved from equivalent bacterial factors (see 
table for details). 

To directly probe the function of yeast 
elF5A, Saini et al.' used a wide combination of 
molecular biological and biochemical assays. 
They find that depletion or inactivation of this 
factor leads to an increase in both the levels of 
polysomes — clusters of ribosomes bound to 
mRNA — and the time it takes ribosomes, after 
the initiation step, to read the mRNA code and 
release the nascent polypeptide. What's more, 
the effects of eIF5A inactivation are similar to 
those of sordarin, an inhibitor of eEF2. 

These observations clearly indicate that 
eIF5A functions during the elongation step. 
But why does it also stimulate the initiation’ 
and termination’ steps? One possibility is that 
elF5A is required for ribosomes to adopt the 
most reactive conformation for optimally 
interacting with factors and aminoacyl-tRNAs 
that are specifically involved in initiation, 
elongation and termination. 

Two hypothetical models”'® — the reciprocat- 
ing ratchet and the spring and ratchet — pro- 
vide an account of how the mRNA and growing 
polypeptide chain are moved through the ribos- 
ome. According to these models, throughout the 
elongation step, the large and small ribosomal 
subunits move back and forth relative to one 
another, facilitating the movement of the mRNA 
and the growing polypeptide (peptidyl-tRNA) 
along the three consecutive sites on the ribos- 
ome — A (tRNA-binding), P (peptide-bond 
formation) and E (exit). Thus, faithful transla- 
tion of the mRNA sequence into a polypeptide 
chain is ensured. As eIF5A also stimulates the 
initiation and termination steps, it is likely that 
this factor is bound to the ribosome while an 
initiator tRNA or the peptidyl-tRNA is bound to 
the P site, making the tRNA more reactive with 
an incoming aminoacyl-tRNA or termination 
factor at the A site. 

Given that, at a relative molecular mass 
(M,) of 15,000, eIF5A is much smaller than a 
ribosome — which has an M, of roughly 4 mil- 
lion — it is unlikely that its effect on ribosome 
conformation can be detected experimentally. 
Nonetheless, data obtained through cryo- 
electron microscopy and three-dimensional 
reconstructions show" that, when bound to 
the 40S subunit of ribosomes, the initiation fac- 
tors eIF1 and eIF1A (both about the same size 
as eIF5A) dramatically change the shape of this 
subunit, although the factors themselves cannot 
be visualized. So it might be possible to simi- 
larly investigate whether eIF5A alters the shape 
or subunit orientation of eukaryotic ribosomes, 
without necessarily visualizing it. 

Saini and colleagues’ results do not just 
establish a role for e[F5A as a major player 


during the elongation step. In eIF5A, they also 
add a useful tool to the experimental tool box, 
which should allow high-resolution prob- 
ing of the alternating states that eukaryotic 
ribosomes might assume in order to accu- 
rately and efficiently catalyse the various steps 
of translation. a 
William Merrick is in the Department of 
Biochemistry, Case Western Reserve University 
School of Medicine, Cleveland, Ohio 44106, USA. 
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MECHANOCHEMISTRY 


Polymers react to stress 


Christoph Weder 


The latest polymers are chameleon-like: they change colour on deformation. 
The transduction mechanism underpinning this effect could be used to make 
polymers that respond in many other ways to mechanical stress. 


Imagine a polymer that could send a warning 
signal if stressed close to the point of mechan- 
ical failure. Or one that actually becomes 
stronger under load. Or even one that heals 
itself after being damaged. On page 68 of this 
issue, Davis et al.’ report a breakthrough that 
could enable all three possibilities: polymers 
in which the application of an external force 
activates preprogrammed chemical reactions, 
which in turn cause desired responses. The 
authors used this approach to make mechano- 
chromic polymers — materials that change 
colour on deformation. 

There is currently great interest in polymers 
whose properties change in response to stim- 
uli such as chemicals, heat, light or electricity, 
because of their potential use in applications 
ranging from camouflage systems to artificial 
muscles to drug delivery”. Many such mate- 
rials have been made, but comparably few 
polymers have been developed that respond 
in a useful way to mechanical stress*. These 
include materials that change their absorption 
or fluorescence colour on deformation, so pro- 
viding visible warning signs before mechanical 
failure occurs**. The colour changes are caused 
by several mechanisms, including variations in 
the molecular interactions between dye mol- 
ecules integrated into the polymers’, or in the 
molecular conformations of integrated dyes”. 
Alternatively, in photonic-bandgap materials 
(through which only light of a specific wave- 
length can propagate), deformation of the sam- 
ple changes the distance between particles in 
the material’s lattice structure, which in turn 
changes the wavelength of light that passes 
through. But these mechanisms are funda- 
mentally different from those of mechanically 
responsive materials found in nature, essen- 
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tially all of which translate macroscopic forces 
into chemical reactions’. 

Davis et al.’ set out to emulate nature’s 
approach by making artificial polymers in 
which mechanical stress provides the activa- 
tion energy for specific chemical reactions. 
The mechanochemically reactive unit — the 
mechanophore — used by the authors is a 
‘spiropyran’ dye (see Fig. 1a on page 69). Spiro- 
pyrans change colour when exposed to light or 
heat, sometimes converting from colourless 
to highly coloured states, and they are used in 
applications such as self-darkening spectacles. 
These optical changes occur because light 
or heat activates a reaction in which a weak 
bond in the spiropyran is broken, causing the 
molecules to rearrange into a coloured prod- 
uct. The colour changes can also be triggered 
by grinding the compounds*, demonstrating 
that such compounds have mechanochromic 
characteristics. 

Seeking to make polymers that have mechano- 
chemical properties, Moore and Sottos (the 
lead authors of the paper by Davis et al.') have 
previously incorporated several mechano- 
phores — including a spiropyran — into poly- 
mers”"’. Assuming that efficient force transfer 
between the macromolecules and the mech- 
anophore would be essential, they developed 
several approaches for covalently connecting 
spiropyrans to polymers. One route involved 
attaching two chemical groups to a spiropyran 
core; the groups acted as initiation points 
from which polymer chains were grown. In 
this way, the authors prepared a polymer in 
which each molecule contains a spiropyran 
at its centre. They then showed that solutions 
of the polymer change from being colourless 
to pink on exposure to ultrasound”. This 
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happens because ultrasound-generated 
shear forces are funnelled through the 
polymer chains to the spiropyran, which 
responds by reacting as described previ- 
ously. Other research groups have also 
shown that mechanoreceptors in poly- 
mers can break if the mechanophores 
contain sufficiently weak bonds. This was 
demonstrated recently by the reported 
ultrasound-induced activation of certain 
catalysts"’, for example. 

So far, so good. But in most real-world 
situations, forces are not applied to poly- 
mer solutions by ultrasound; rather, they 
are applied to solids by stretching or 
compression. Furthermore, when solid 
polymers are exposed to excessive stress, 
the normal mechanochemical response 
is for the polymer molecules to break at 
random points along the chain”. A key 
question therefore remained: if solid 
spiropyran-containing polymers are 
placed under stress, does that stress break 
the mechanophores? Davis et al.' now 
show that it does. When they subjected 
spiropyran-containing polymers to stress, 
either by stretching a rubbery poly(methyl 
acrylate) polymer or by compress- 
ing a glassy poly(methyl methacrylate) 
polymer, the colour and fluorescence of the 
materials changed, indicating that the spiro- 
pyrans had reacted (Fig. 1). 

Using a combination of experimental and 
theoretical models, Davis et al. showed that the 
underlying mechanism of the colour change 
is undeniably stress-induced reaction of the 
spiropyran upon irreversible deformation of 
the material. They further showed that the 
connectivity between the mechanophore and 
the polymer is important: placing two poly- 
mer chains on opposite sides of the spiropyran 
allows the maximum transfer of force from the 
polymer chains, whereas attaching chains to the 
same side of the spiropyran, or using only one 
polymer chain, prevents or limits transfer to the 
desired breaking point. The authors thus report 
the first set of guiding principles for the design 
of solid mechanochemical polymers. Neverthe- 
less, further studies are required to work out 
just how selective the mechanochemical trans- 
duction really is. Although the authors’ com- 
putational studies suggest that chain scission 
occurs only at the spiropyran, the possibility 
that rupture also occurs in other parts of the 
polymer chains cannot be ruled out. 

Davis and colleagues’ approach to making 
mechanochromic polymers should be readily 
adaptable to other polymer systems. But the 
development of materials that use spiropyran 
mechanophores as built-in strain sensors will 
require several practical problems to be solved. 
For example, the colour change in the poly- 
mers described’ doesn’t occur only in response 
to deformation; it also does so in response to 
heat and light. Furthermore, the ring-opening 
reaction of spiropyrans is reversed by expo- 
sure to light. The resulting loss of colour 
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Figure 1| Red for danger. Davis et al.’ have prepared 
mechanochromic polymers that change colour under 
mechanical stress. When a sample of one of these polymers 
is stretched, the material turns red at the point where 
irreversible deformation (tearing) starts to occur, as shown 
in this sequence of pictures. Once the material snaps, the 
red colour is apparent throughout the sample. The sample 
on the left is 7.4 mm long. 


would clearly be a problem if the polymers are 
to be used as damage sensors. 

The importance of Davis and colleagues’ 
work goes far beyond the reported mechano- 
chromic effect — it may become a milestone 
in polymer science, because the authors’ gen- 
eral design concept can probably be adapted 
to make a plethora of materials that trans- 
late mechanical stress into all kinds of useful 
chemical reactions. The authors propose’ that 
polymerization and molecular-crosslinking 
reactions could be triggered upon deforma- 
tion. This could be achieved by mechanochemi- 
cal processes that release reaction initiators or 


catalysts, and might be used to create self- 
healing materials. The reverse effect — 
cutting across molecules at predetermined 
breaking points — could be used to create 
polymers that have stress-activated fuses. 
Other applications include materials that 
have stress-controlled drug-release proper- 
ties, which could be used in tissues that are 
naturally subjected to mechanical stress; and 
substrates for cell culture that contain dim- 
ples in which cells won't grow, because the 
properties of those regions were mechano- 
chemically altered when the dimples were 
stamped into the substrate. Scientists from 
many disciplines will be restricted only by 
their imaginations when it comes to find- 
ing ways of using mechanically responsive 
polymers for their specific needs. And 
studies of well-defined artificial systems 
might contribute to our often rather lim- 
ited understanding of mechanochemical 
transduction in biological systems. a 
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CELL BIOLOGY 


Arrest by ribosome 


Sébastien Ferreira-Cerca and Ed Hurt 


Impaired assembly of cells’ protein-synthesis factories, the ribosomes, can 
cause cell-cycle arrest and disease. This finding emphasizes the close link 
between cell proliferation and ribosome formation. 


Protein synthesis is mediated by complexes 
of RNA and protein known as ribosomes. 
Ribosome biogenesis is complicated, involv- 
ing some 150 non-ribosomal factors and 100 
small non-coding RNAs’. It is also the most 
energy-consuming process in growing cells, 
and so requires extensive regulation and coor- 
dination. Pressing questions are how ribosome 
synthesis is regulated, how it links to cell prolif- 
eration, and how it responds to environmental 
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cues such as nutrient availability and stress. 
Writing in Nature Cell Biology, Fumagalli et al.” 
provide insight not only into the molecular 
mechanisms that connect ribosome biogenesis 
and cell proliferation, but also into underly- 
ing human diseases associated with defective 
ribosome synthesis — ribosomopathies*”. 
Eukaryotic organisms (such as yeast, plants 
and animals) have two ribosomal subunits, 
60S and 40S, which are assembled in the 
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Figure 1| Ribosomal stress and p53 stabilization. a, In normal cells, after initial biogenesis of the 
60S and 40S ribosomal subunits in the nucleolus, they are exported out of the nucleus, where the 
mature subunits come together to mediate mRNA translation. Under these conditions, MDM2 is 
free to mediate p53 degradation in the nucleus. b, c, In mutant cells with impaired ribosome 
assembly, the L11 component of 60S can cause cell-cycle arrest by binding to MDM2 and preventing 
it from degrading p53. Free L11 can be generated in two ways: through defective 60S biogenesis 

(b); or, as Fumagalli et al.> show, by increased translation of its mRNA, when 40S biogenesis is 


defective (c). 


nucleolus — a nuclear structure that specializes 
in ribosome production — before being 
exported to the cytoplasm. Previous work has 
shown that, on disruption of the nucleolus, 
ribosome synthesis is impaired, leading to a 
halt in the cell cycle**. Unexpectedly, such 
nucleolar stress induces and stabilizes p53, a 
key regulator of cell proliferation. In fact, on 
disintegration of the nucleolus, several ribos- 
omal proteins are released into the nucleo- 
plasm and bind to the enzyme MDM2. This 
E3 ubiquitin ligase normally promotes p53 
degradation, but, when bound to ribosomal 
proteins, it no longer functions properly. Asa 
result, p53 levels rise, causing cell-cycle arrest, 
apoptotic cell death and/or senescence°*. 
Fumagalli et al.* specifically disrupt the 
formation of the 40S subunit using RNA inter- 
ference, without disrupting the nucleolus. In 


agreement with another recent study’, they find 
that, even in the presence of an intact nucleo- 
lus, both p53 stabilization and the subsequent 
cell-cycle arrest occur. Strikingly, regardless of 
whether biogenesis of the 60S or the 40S sub- 
unit is impaired, it is a 60S protein component, 
L11, that mediates p53 stabilization by binding 
to MDM2. But, whereas defects in 60S biogen- 
esis are expected to lead to an increase in free 
L11, how can impaired formation of 40S yield 
this protein? 

The authors® show that disruption of 40S 
biogenesis activates the translation of a group 
of messenger RNAs called 5’-TOP mRNAs 
— including the L11 mRNA — which con- 
tain a sequence motif of several pyrimidine 
bases in their 5’-untranslated regions. So free 
L11 can be generated in two ways: its mRNA 
translation increases when 40S biogenesis 
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is impaired; and it is independently released 
into the nucleoplasm when 60S biogenesis is 
defective (Fig. 1). It remains to be seen how 
the translation machinery senses disruption in 
40S biogenesis. 

Fumagalli and colleagues’ observations’ 
unravel an exciting direct link between ribo- 
somal stress and p53 induction, which will 
undoubtedly stimulate further investigation. 
Earlier work®” has indicated that, as well as 
L11, other ribosomal proteins from both 40S 
and 60S can bind to MDM2 to stabilize p53. 
With L11 having the pivotal role in p53 stabi- 
lization, what contribution do these other pro- 
teins make? Moreover, because L11 assembly 
onto the nascent 60S subunit occurs early on 
in the nucleolus’”, how would defects in the 
biogenesis of this subunit later on, downstream 
of L11 assembly, generate the p53-stabilizing 
form of L11? 

And can Fumagalli and co-workers’ find- 
ings help in understanding the ribosomopa- 
thies at the molecular level? Notably, genes 
encoding protein components of 60S, includ- 
ing L5 and L11 (ref. 10), are mutated in some 
patients with Diamond-Blackfan anaemia. 
It is important to establish whether p53 is 
induced in the cells of such patients. If so, how 
could p53 be stabilized when L11 is mutated? 
If p53 is indeed stabilized in these patients, 
the combined effects of altered p53 levels and 
imbalance in ribosome assembly may cause 
this ribosomopathic anaemia. Systematically 
analysing the factors involved in the crosstalk 
between p53 stabilization and ribosome stress 
will undoubtedly aid in identifying specific 
molecular culprits. 

If p53 stabilization does turn out to bea 
hallmark of ribosomopathies, targeted drug 
therapies in patients with these conditions will 
require keeping a balance between sufficient 
ribosome formation and adequate p53 safe- 
guarding functions. With our growing under- 
standing of ribosome synthesis and function, 
and characterization of the molecular basis of 
ribosomopathies, the development of targeted 
treatments for these diseases is looking closer 
than ever. a 
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The formation of the first stars and galaxies 


Volker Bromm!, Naoki Yoshida’, Lars Hernquist® & Christopher F. McKee* 


Observations made using large ground-based and space-borne telescopes have probed cosmic history from the present day 
to a time when the Universe was less than one-tenth of its present age. Earlier still lies the remaining frontier, where the first 
stars, galaxies and massive black holes formed. They fundamentally transformed the early Universe by endowing it with the 
first sources of light and chemical elements beyond the primordial hydrogen and helium produced in the Big Bang. The 
interplay of theory and upcoming observations promises to answer the key open questions in this emerging field. 


he formation of the first stars and galaxies at the end of the 
cosmic “dark ages’ is one of the central problems in modern 
cosmology'™. It is thought that during this epoch the Universe 
was transformed from its simple initial state into a complex, 
hierarchical system, through the growth of structure in the dark matter, 
by the input of heavy elements from the first stars, and by energy 
injection from these stars and from the first black holes*°. An important 
milestone in our understanding was reached after the introduction of 
the now standard cold dark-matter (CDM) model of cosmic evolution, 
which posits that structure grew hierarchically, such that small objects 
formed first and then merged to form increasingly larger systems®. 
Within this model, dark-matter ‘minihaloes’ (see below), forming a 
few hundred million years after the Big Bang, were identified as the sites 
where the first stars formed’. Building on this general framework, and 
relying on the development of efficient new computational tools, the 
fragmentation properties of primordial gas inside such minihaloes were 
investigated with numerical simulations, leading to the result that the 
first stars, so-called population III, were predominantly very massive** 
(see Box 1 for the terminology used here). Recently, the frontier has 
progressed to the next step in the hierarchical build-up of structure, to 
the emergence of the first galaxies whose formation took place after the 
first stars had formed and affected their common environment. It is very 
timely to review our current understanding and remaining challenges, 
as we are just entering an exciting period of discovery, in which new 
observational probes are becoming available and advances in super- 
computer technology enable ever more realistic theoretical predictions. 
We begin with the formation of the first stars, discussing the physics 
underlying the prediction that they were very massive, and how this 
picture would be modified if the dark matter exhibited non-standard 
properties on small scales. We next address the feedback effects from the 
first stars, with one main result being that such feedback might delay 
subsequent star formation by up to ~10* years. Proceeding to the 
assembly of the first galaxies, we discuss the important role of tur- 
bulence and supernova feedback during their formation. Intriguingly, 
the cold accretion streams that feed the turbulence in the centres of the 
primordial galaxies are reminiscent of the recently proposed new model 
for galaxy formation, in which such cold streams are invoked to explain 
the build-up of massive galaxies at more recent cosmic times in a 
smooth, rather than merger-driven, fashion’. We conclude with an 
outlook into the likely key developments over the next decade. 


Formation of the first stars 


Whereas dark-matter haloes can originate through the action of 
gravity alone, the formation of luminous objects, such as stars and 


galaxies, is a much more complicated process. For star formation 
to begin, a sufficient amount of cold dense gas must accumulate in 
a dark halo. In the early Universe, the primordial gas could not 
efficiently cool radiatively because atoms have excitation energies 
that are too high, and molecules, which have accessible rotational 
energies, are very rare. Trace amounts of molecular hydrogen (H2) 
can be produced via a sequence of reactions, H+e —-H +y 
(where y indicates a photon), followed by HT +H-H,+e~ (where 
e indicates an electron), and under the proper conditions this allows 
the gas to cool and eventually condense to form stars'®. 

Numerical simulations''’ starting from cosmological initial con- 
ditions show that primordial gas clouds formed in dark-matter 
haloes with virial temperature ~1,000K and mass ~10°Mo 


Box 1| Definitions and terminology 


We establish here a convention for terminology used in this review. 
Population Ill stars are those that initially contain no elements heavier 
than helium (‘metals’ in the parlance of astronomers) other than the 
lithium produced in the Big Bang. Such stars can be divided into first 
generation stars (population III.1), which form from initial conditions 
determined entirely by cosmological parameters, and second 
generation stars (population III.2), which originate from material that 
was influenced by earlier star formation?®. According to theory, 
population III.1 stars formed when almost completely neutral 
primordial gas collapsed into dark-matter minihaloes, whereas one 
important class of population III.2 stars formed from gas that was 
photoionized before the onset of gravitational runaway collapse’. 
Simply put, population Ill.1 stars are locally the very first luminous 
objects, whereas population II|.2 stars are those metal-free stars 
formed from gas that was already affected by previous generations of 
stars. Population II stars have enough metals to affect their formation 
and/or their evolution. Such stars are classified'°° according to their 
iron/hydrogen ratio as extremely metal poor for metallicities 

10-4 <Z/Zg <10~3, ultra-metal poor for 10~° <Z/Zg <10~“, and 
hyper-metal poor for 10~© <Z/Zo <10~°. Because we know so little 
about the first galaxies, it is difficult to establish a precise terminology 
for them. A galaxy is a system of many stars and gas that is 
gravitationally bound in a dark-matter halo. We define a ‘first galaxy’ as 
one composed of the very first system of stars to be gravitationally 
bound in a dark-matter halo. Such stars could be population III or 
population II stars with very low metallicities—extremely metal poor or 
below, according to recent numerical simulations®?*. The gas in such 
galaxies should have similarly low metallicities. Current theory predicts 
that population IIl.1 stars are formed in isolation in minihaloes and 
therefore will not be in galaxies. 


‘Astronomy Department, University of Texas, 2511 Speedway, Austin, Texas 78712, USA. “Institute for the Physics and Mathematics of the Universe, University of Tokyo, Kashiwa, 
Chiba 277-8568, Japan. *Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, Massachusetts 02138, USA. *Departments of Physics and Astronomy, 


University of California, Berkeley, California 94720, USA. 
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(so-called ‘minihaloes’; Mo, solar mass). In the standard CDM 
model, the minihaloes that were the first sites for star formation 
are expected to be in place at redshift z~ 20-30, when the age of 
the Universe was just a few hundred million years'*. These systems 
correspond to (3—4)o peaks in the cosmic density field, which is 
statistically described as a Gaussian random field. Such high-density 
peaks are expected to be strongly clustered’’, and thus feedback 
effects from the first stars are important in determining the fate of 
the surrounding primordial gas clouds. It is very likely that only one 
star can be formed within a gas cloud, because the far-ultraviolet 
radiation from a single massive star is sufficient to destroy all the 
H, in the parent gas cloud’®””. In principle, a cloud that formed one 
of the first stars could fragment into a binary or multiple star sys- 
tem’*"°, but simulations based on self-consistent cosmological initial 
conditions do not show this”’. Although the exact number of stars per 
cloud cannot be easily determined, the number is expected to be 
small, so that minihaloes will not be galaxies (see Box 1). 

Primordial gas clouds undergo runaway collapse when sufficient 
mass is accumulated at the centre of a minihalo. The minimum mass 
at the onset of collapse is determined by the Jeans mass (more pre- 
cisely, the Bonnor—Ebert mass), which can be written as: 


PF pas S12 
M,~500Mo | = (=) (1) 


for an atomic gas with temperature T (in K) and particle number 
density n (in cm~*). The characteristic temperature is set by the 
energy separation of the lowest-lying rotational levels of the trace 
amounts of H,, and the characteristic density corresponds to the 
thermalization of these levels, above which cooling becomes less 
efficient'*. A number of atomic and molecular processes are involved 
in the subsequent evolution of a gravitationally collapsing gas. It has 
been suggested that a complex interplay between chemistry, radiative 
cooling and hydrodynamics leads to fragmentation of the cloud”', 
but vigorous fragmentation is not observed even in extremely high- 
resolution cosmological simulations'''*”°”*. Interestingly, however, 
simulations starting from non-cosmological initial conditions have 
yielded multiple cloud cores'””’. It appears that a high initial degree 
of spin in the gas eventually leads to the formation of a disk and its 
subsequent break-up. It remains to be seen whether such conditions 
occur from realistic cosmological initial conditions. 

Although the mass triggering the first runaway collapse is well- 
determined, it provides only a rough estimate of the mass of the star(s) 
to be formed. Standard star-formation theory predicts that a tiny proto- 
star forms first and subsequently grows by accreting the surrounding gas 
to become a massive star. Indeed, the highest-resolution simulations of 
first-star formation verify that this also occurs cosmologically”® (Fig. 1). 
However, the ultimate mass of the star is determined both by the mass of 
the cloud out of which it forms and by a number of feedback processes 
that occur during the evolution of the protostar. In numerical simula- 
tions, the final mass of a population III star is usually estimated from the 
density distribution and velocity field of the surrounding gas when the 
first protostellar fragment forms, but this may well be inaccurate even in 
the absence of protostellar feedback. Whereas protostellar feedback 
effects are well studied in the context of the formation of contemporary 
stars”, they differ in several important respects in primordial stars”. 

First, primordial gas does not contain dust grains. As a result, 
radiative forces on the gas are much weaker. Second, it is generally 
assumed that magnetic fields are not important in primordial gas 
because, unless exotic mechanisms are invoked, the amplitudes of 
magnetic fields generated in the early Universe are so small that they 
never become dynamically significant in primordial star-forming 
gas’®. Magnetic fields have at least two important effects in contem- 
porary star formation: they reduce the angular momentum of the gas 
out of which stars form, and they drive powerful outflows that disperse 
a significant fraction of the parent cloud. It is likely that the pre-stellar 
gas has more angular momentum in the primordial case, and this is 
borne out by cosmological simulations. Third, primordial stars are 


50 


NATURE|Vol 459|7 May 2009 


b Star-form 


Figure 1| Projected gas distribution around a primordial protostar. Shown 
is the gas density (colour-coded so that red denotes highest density) of a 
single object on different spatial scales. a, The large-scale gas distribution 
around the cosmological minihalo; b, a self-gravitating, star-forming cloud; 
c, the central part of the fully molecular core; and d, the final protostar. 
Reproduced by permission of the AAAS (from ref. 20). 


much hotter than contemporary stars of the same mass, resulting in 
significantly greater ionizing luminosities”’. 

State-of-the-art numerical simulations of the formation of the first 
(population III.1) stars represent a computational tour de force, in 
which the collapse is followed from cosmological (comoving mega- 
parsec) scales down to protostellar (sub-astronomical-unit) scales, 
revealing the entire formation process ofa protostar. However, further 
growth of the protostar cannot be followed accurately without imple- 
menting additional radiative physics. For now, inferring the sub- 
sequent evolution of the protostar requires approximate analytic 
calculations. By generalizing a theory for contemporary massive-star 
formation”, it is possible to approximately reproduce the initial con- 
ditions found in the simulations and to then predict the growth of the 
accretion disk around the star”’. Several feedback effects determine the 
final mass of a first star?°: photodissociation of H, in the accreting gas 
reduces the cooling rate, but does not stop accretion. Lyman-z radi- 
ation pressure can reverse the infall in the polar regions when the 
protostar grows to 20-30 Mo, but cannot significantly reduce the 
accretion rate. The expansion of the H 1! region produced by the large 
flux of ionizing radiation can significantly reduce the accretion rate 
when the protostar reaches 50-100 Mo, but accretion can continue in 
the equatorial plane. Finally, photoevaporation-driven mass loss from 
the disk”® stops the accretion and fixes the mass of the star (see Fig. 2). 
The final mass depends on the entropy and angular momentum of the 
pre-stellar gas; for reasonable conditions, the mass spans 60-300 Mo. 

A variety of physical processes can affect and possibly substantially 
alter the picture outlined above. Magnetic fields generated through the 
magneto-rotational instability may become important in the proto- 
stellar disk*', although their strength is uncertain, and may play an 
important role in the accretion phase'*. Cosmic rays and other 
external ionization sources, if they existed in the early Universe, could 
significantly affect the evolution of primordial gas**. A partially 
ionized gas cools more efficiently because the abundant electrons 
promote H, formation. Such a gas cools to slightly lower temperatures 
than a neutral gas can, accentuating the fractionation of D into HD so 
that cooling by HD molecules becomes important****. 
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Figure 2 | Feedback-limited accretion. Change in mass (1) versus 
protostellar mass (m+) for a number of key processes. The protostellar 
accretion rate (m,) is shown in the cases of ‘no feedback’ (black dotted line) 
and ‘with feedback (blue dashed line). Even as an Ht! region is built up, 
accretion continues through an accretion disk, which is eventually destroyed 
via photoevaporation. Also shown is the corresponding rate (tieyap; blue 
solid line). The intersection of the blue dashed and solid curves determines 
the final population III mass. Reproduced by permission of the AAS (from 
ref. 25). 


More significant modifications to the standard model result if the 
properties of the dark matter are different from those assumed above 
(see Fig. 3). A key assumption in the standard model is that the dark 
matter interacts with the baryons only via gravity. However, dark 
matter can indirectly affect the dynamics ofa pre-stellar gas. A popular 
candidate for CDM is the neutralino, for which the self-annihilation 
cross-section is large. Neutralino dark matter is thus expected to pair- 
annihilate in very dense regions, producing high-energy particles such 
as pions and electron—positron pairs and high-energy photons. These 
annihilation products may effectively heat collapsing primordial gas 
clouds when the density is sufficiently high, thereby arresting the 
collapse’’. Calculation of the structure of stars with dark-matter 
annihilation suggest that they can undergo a phase of evolution in 
which they have temperatures of 4,000—10,000 K, well below those for 
conventional population III stars**”°. The magnitude of this effect 
depends sensitively on details such as the dark-matter concentration 
and the final products of neutralino annihilation. Furthermore, cal- 
culations to date have assumed spherical symmetry, whereas it is 
possible that the angular momentum of both the baryons (which leads 
to the formation of an accretion disk’’) and of the dark matter could 
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significantly impede the build-up of the high dark-matter densities 
required to power the stellar luminosity via dark-matter annihilation. 
Nevertheless, if neutralinos are detected in the appropriate mass 
range*’, early star formation models may need to include the effect 
of dark-matter annihilation. 


Feedback from the first stars 


Some of the feedback processes described above that affect the forma- 
tion of individual stars also influence primordial star formation on 
large scales. The enormous fluxes of ionizing radiation and H)- 
dissociating Lyman—Werner radiation emitted by massive popu- 
lation III stars’”*' dramatically influence their surroundings, heating 
and ionizing the gas within a few kiloparsecs of the progenitor and 
destroying the H, within a somewhat larger region'”**?, 
Moreover, the Lyman—Werner radiation emitted by the first stars 
could propagate across cosmological distances, allowing the build- 
up of a pervasive Lyman—Werner background radiation field**’. The 
effect of radiation from the first stars on their local surroundings has 
important implications for the numbers and types of population III 
stars that form. The photoheating of gas in the minihaloes hosting 
population III.1 stars drives strong outflows, lowering the density of 
the gas in the minihaloes and delaying subsequent star formation by 
up to 100 Myr (ref. 47). Furthermore, neighbouring minihaloes may 
be photoevaporated, delaying star formation in such systems as 
well*®°°. The photodissociation of molecules by Lyman—Werner 
photons emitted from local star-forming regions will, in general, 
act to delay star formation by destroying the main coolants that allow 
the gas to collapse and form stars’. 

The photoionization of primordial gas can, however, also stimulate 
star formation by fostering the production of abundant molecules 
within the relic Hm regions surrounding the remnants of population 
III.1 stars***”°°? (see Fig. 4). It is still debated whether this radiative 
feedback is positive or negative in terms of its overall impact on the 
cosmic star formation rate**. However, some robust conclusions have 
emerged from the recent simulations. First, the Lyman—Werner feed- 
back is much less ‘suicidal’ than was originally thought”. It is now 
believed that star formation in neighbouring minihaloes is not com- 
pletely suppressed, but merely delayed. Second, the ionizing radiation 
from the first stars is initially very disruptive because it substantially 
decreases the density in the host minihalo. This effect leads to the 
substantial gap between the formation of the first and second genera- 
tions of stars. In each region of space, the drama of ‘first light’ thus 
occurred in two clearly separated stages. 

Most of the work on the evolution of population III stars and on the 
supernovae they produce has been based on the assumption that the 
stars are not rotating”. For initial stellar masses in the range 25Mo S< 
M, < 140Mo and M, 2 260Mo, population III stars end their lives by 
collapsing into black holes with relatively little ejection of heavy 


Figure 3 | Dark-matter properties and early star 
formation. Projected gas distribution in CDM 
(a) and warm dark matter (WDM; b) simulations 
at z = 20. If the power in the primordial density 
spectrum is reduced on small scales, the first stars 
will form much later than in the standard CDM- 
based scenario. Ifthe dark matter is warm, having 
a substantial velocity dispersion, density 
perturbations on small length scales are 
smoothed. The hierarchy of structure formation 
is then truncated at a corresponding mass scale, 
and the first cosmological objects could be more 
massive than 10°Mo. For the case of light 
WDM”, gas collapses into filaments, which 
might then fragment into multiple stellar cores. 
The abundance of star-forming haloes is 
significantly reduced in this model. Reproduced 
by permission of the AAS (from ref. 99). 
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Figure 4 | Radiative feedback around the first stars. Ionized bubbles are 
shown in blue, and regions of high molecule abundance in green. The large 
residual free electron fraction inside the relic Ht regions, left behind after 
the central star has died, rapidly catalyses the reformation of molecules. The 
abundance of HD molecules allows the primordial gas to cool to the 
temperature of the CMB, possibly leading to the formation of population 
IIl.2 stars after these regions have re-collapsed so that gas densities are 
sufficiently high again for gravitational instability to occur’. The latter 
process takes of the order of the local Hubble time, thus imposing a 

~100 Myr delay in star formation. The relatively high molecule abundance 
in relic H 1 regions, along with their increasing volume-filling fraction, leads 
to a large optical depth to Lyman—Werner photons over physical distances of 
the order of several kiloparsecs (ref. 47). The development of a high optical 
depth to Lyman—Werner photons over such short length-scales, combined 
with a rapidly increasing volume filling fraction of relic H 11 regions, suggests 
that the optical depth to Lyman—Werner photons over cosmological scales 
may be very high, acting to suppress the build-up of a background 
Lyman—Werner radiation field, and mitigating negative feedback on star 
formation”’. Note the strongly clustered nature of early star formation. 
Visualization courtesy of the Texas Advanced Computing Center (based on 
data from ref. 47). 


elements. Population III stars in the range 140-260 Mo explode as 
pair-instability supernovae, which disrupt the entire progenitor, with 
explosion energies ranging from 10°! erg to 10°’ erg, and nucleosyn- 
thetic yields, defined as the heavy-element mass fraction, up to 0.5. Such 
supernovae exhibit an odd-even effect in the nuclei produced that is 
much greater than observed in any star to date, and as a result they 
cannot make a significant contribution to the metals observed in very 
low-metallicity stars today*’. On the other hand, the pair-instability 
supernova signature may exist in a tiny fraction of the stars with inter- 
mediate metallicity (~0.01Z., where Zo indicates solar metallicity), 
because the enrichment from even a single pair-instability supernova 
already endows the surrounding material with heavy elements to levels 
that are above the regime typically probed by surveys of metal-poor 
stars”’, 

The first stars may have been born rapidly rotating, however, and 
rotation can entirely modify these results. For sufficiently high 
rotation rates, rotationally induced mixing is able to render the cores 
chemically homogeneous; mixing of heavy elements to the surface in 
the late stages of evolution can lead to substantial mass loss. If the 
cores maintain a sufficiently high rotation at the time of the super- 
nova, it is possible to produce a long y-ray burst or a jet-induced 
energetic supernova/hypernova®*', with significant effects on the 
abundances of the ejected metals®. Large uncertainties remain in 
the evolutionary calculations owing to the effects of dynamo-gener- 
ated magnetic fields. 

The strong mechanical and chemical feedback effects exerted by 
explosions of population III stars have been investigated with a num- 
ber of detailed calculations®’. The key question is how the initially 
metal-free Universe was enriched with the first heavy chemical ele- 
ments”’. Recently, it has become feasible to address this process with 
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realistic three-dimensional simulations that start from cosmological 
initial conditions, and that resolve the detailed physics of the super- 
nova blast wave expansion®*. These simulations have shown that 
early enrichment is very inhomogeneous, as the low-density voids are 
enriched before any metals can reach into the denser filaments and 
virialized haloes”’. 


Assembly of the first galaxies 


The characteristic mass of the first star formation sites has been 
determined to be ~10°Mo (refs 14, 72), whereas the critical mass 
for hosting the formation of the first galaxies is still not known with 
any certainty. A promising theoretical Ansatz is to explore atomic 
cooling haloes—with ~10°Mo and virial temperatures greater than 
~10‘K so that atomic line cooling is efficient—as their formation 
sites’>”*. The simulations, starting from cosmological initial condi- 
tions, are just now approaching the resolution and physical realism 
required to investigate whether atomic cooling haloes fulfil the cri- 
teria for a first galaxy as defined above. Quite generically, in such 
models, the first generation of stars forms before galaxies do, and 
feedback effects from the first stars are expected to play a key role in 
determining the initial conditions for the formation of the first 
galaxies. Although substantial uncertainties in the overall formation 
efficiency of the first stars still remain, it is possible, and perhaps 
probable, that at least one primordial star had formed in the region 
that was destined to eventually become a first galaxy’*. If the early 
generation stars were massive, 2 10Mo, the feedback effects described 
in the previous section would shape the conditions for subsequent star 
formation in the region. 

The gas expelled by the H 11 regions and supernovae of the first stars 
would have been too hot and diffuse to allow further star formation 
until it had time to cool, as well as to reach high densities again in the 
course of being reincorporated in a growing dark-matter halo. Both 
cooling and re-collapse occur rather slowly, thus rendering star 
formation intermittent in the early formation phase of the first 
galaxies. Analytic models” and detailed numerical simulations*””” 
both show that the gas re-incorporation time is as long as 10° years, 
roughly corresponding to the dynamical time for a first-galaxy halo 
to be assembled. 

Chemical enrichment by the first supernovae is among the most 
important processes in the formation of the first galaxies. Efficient 
cooling by metal lines and dust thermal emission regulate the temper- 
ature of already metal-enriched population II (see Box 1) star-forming 
regions in the first galaxies. The concept of a ‘critical metallicity’ has 
been introduced to characterize the transition of the star-formation 
mode from predominantly high-mass, population III or population II, 
to low-mass population II stars’*. However, this critical gas metallicity 
is still poorly determined. It is not even clear if there exists such a sharp 
transition. Some studies show that even a slight quantity of metals in a 
gas may be enough to change the gas thermal evolution significantly”, 
whereas others argue that the cooling efficiency at low densities*® is 
crucial and is significantly enhanced only above 10~*Zq. As the 
enrichment from even a single pair-instability supernova by a very 
massive population II star probably leads to metallicities of 
Z>10~*Zo (ref. 63), well in excess of any predicted value for the 
critical metallicity, these arguments might be somewhat academic. 
The characteristic mass of pre-stellar gas clumps is probably deter- 
mined by a number of physical processes (for example, turbulence 
and, possibly, dynamo-amplified primordial magnetic fields) other 
than radiative cooling. The overall effect of gas metallicity on star 
formation may well be limited*’. 

Recent cosmological simulations have demonstrated that star 
formation inside the first galaxies was strongly influenced by gravi- 
tationally driven supersonic turbulence that was generated during the 
virialization process*”*”*, This is in marked contrast to the rather 
quiescent, quasi-hydrostatic situation in minihaloes (see Fig. 5). It 
thus appears possible that the first galaxies harboured the first stellar 
clusters, if present-day star formation offers any guide here, where it 
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is widely believed that gravo-turbulent fragmentation is responsible 
for shaping the initial mass function”**’. It is an open question as to 
whether the first galaxies could have harboured the first globular 
clusters, which are the oldest star clusters known. 


Future empirical probes 


Studying the formation of the first stars and galaxies will be at the 
frontier of astronomy and cosmology in the next decade. 
Astronomers will muster a comprehensive arsenal of observational 
probes. The most prominent among these concern the optical depth 
to Thomson scattering of cosmic microwave background photons off 
free electrons****, the near-infrared background*’, high-redshift 
y-ray bursts*”’, the possibility of scrutinizing the nature of the first 
stars by metals found in the oldest Galactic halo stars, dubbed ‘stellar 
archaeology’”*”’, and various facilities now being deployed to map 
reionization using the redshifted 21 cm line of neutral hydrogen”. 
The James Webb Space Telescope (JWST) will perform a number of 
observations designed to test key assumptions of our current theory 
of the first stars and galaxies”. How could the existence of massive 
population III stars be unambiguously inferred? The most clear-cut 
diagnostic is the ratio of recombination lines emitted from the Hu 
regions around single population III stars, or clusters thereof, to be 
measured with ultra-deep near-infrared and mid-infrared spectro- 
scopy. Owing to the high effective temperature of the population III 
stellar continuum, ~ 10° K, strong He! line emission at a rest-frame 
wavelength of 1,640 A is predicted, with a ratio compared to Lyman- 
a that is one to two orders of magnitude larger than for normal 
stars". A second crucial observational campaign aims at a census 
of very high-z supernovae”® through deep broadband near-infrared 
imaging. One key objective is to search for possible pair-instability 


Size: 40 kpc (comoving) 
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Figure 5 | Turbulence inside the first galaxies. Shown is the Mach number 
(Ma) in a slice through the central 40 kpc (comoving) of the galaxy. The 
dashed line denotes the virial radius of ~1 kpc. The Mach number 
approaches unity at the virial shock, where the accreted gas is heated to the 
virial temperature. Inflows of cold gas along filaments are supersonic by a 
factor of ~10, resulting in strong turbulent flows in the galactic centre. The 
age of the Universe at redshift z ~ 10 is given by ty. Reproduced by 
permission of Wiley-Blackwell (from ref. 74). 
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supernova events, which would clearly stand out owing to their 
extreme intrinsic brightness, as well as their very long durations—a 
few years in the observer frame”’. The goal of making useful predic- 
tions for the high-redshift frontier is now clearly moving within 
reach, and the pace of progress is likely to be rapid. 
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HDAC2 negatively regulates memory 
formation and synaptic plasticity 


Ji-Song Guan’***, Stephen J. Haggarty’**, Emanuela Giacometti’°*, Jan-Hermen Dannenberg’*f, 
Nadine Joseph’, Jun Gao’”, Thomas J. F. Nieland’, Ying Zhou'”, Xinyu Wang’”, Ralph Mazitschek”®, 
James E. Bradner’, Ronald A. DePinho’, Rudolf Jaenisch®® & Li-Huei Tsai?” 


Chromatin modifications, especially histone-tail acetylation, have been implicated in memory formation. Increased 
histone-tail acetylation induced by inhibitors of histone deacetylases (HDACis) facilitates learning and memory in wild-type 
mice as well as in mouse models of neurodegeneration. Harnessing the therapeutic potential of HDACis requires knowledge 
of the specific HDAC family member(s) linked to cognitive enhancement. Here we show that neuron-specific overexpression 
of HDACZ2, but not that of HDAC1, decreased dendritic spine density, synapse number, synaptic plasticity and memory 
formation. Conversely, Hdac2 deficiency resulted in increased synapse number and memory facilitation, similar to chronic 
treatment with HDACis in mice. Notably, reduced synapse number and learning impairment of HDAC2-overexpressing mice 
were ameliorated by chronic treatment with HDACis. Correspondingly, treatment with HDACis failed to further facilitate 
memory formation in Hdac2-deficient mice. Furthermore, analysis of promoter occupancy revealed an association of HDAC2 
with the promoters of genes implicated in synaptic plasticity and memory formation. Taken together, our results suggest 
that HDAC2 functions in modulating synaptic plasticity and long-lasting changes of neural circuits, which in turn negatively 
regulates learning and memory. These observations encourage the development and testing of HDAC2-selective inhibitors 


for human diseases associated with memory impairment. 


Neuronal adaptive responses implicated in memory formation and 
storage involve functional and structural synaptic changes, which 
require alterations in gene expression'”. The mechanisms underlying 
this process are still unclear. Chromatin remodelling, especially 
through histone-tail acetylation, which alters the compact chromatin 
structure and changes the accessibility of DNA to regulatory proteins, 
is emerging as a fundamental mechanism for regulating gene expres- 
sion**. Recently, histone acetylation has been implicated in synaptic 
plasticity and learning behaviour*”. In particular, it was shown that the 
non-selective HDAC inhibitor sodium butyrate reinstated learning 
ability and promoted the retrieval of long-term memory in mice even 
after massive neuronal loss'®. Taken together, these observations indi- 
cate that HDAC inhibition may provide a therapeutic avenue for 
memory impairment caused by neurodegenerative and other diseases. 
However, the clinical application of broadly acting non-selective 
HDACis in cancer has shown a range of untoward effects, which 
may limit their utility in application to non-lethal, chronic 
diseases''’. Thus, identification of the HDAC family member(s) 
specifically involved in memory formation will help in discovering 
the mechanism(s) by which chromatin remodelling regulates memory 
and lead to more selective HDACis for memory enhancement. 


Chronic HDACi treatment facilitates memory formation 

On the basis of HDAC selectivity studies in vitro, sodium butyrate 
might affect brain function mainly through class I HDACs, including 
Hdacl, Hdac2, Hdac3 and Hdac8 (Supplementary Information). To 


gain further insight into the ability of systemic HDACis to enhance 
memory, and to identify more potent HDACis than sodium butyr- 
ate’°, a set of prototypical HDACis with a wide range of structures and 
metal-chelating elements were tested in mice using a contextual fear 
conditioning assay. While some HDACis did not facilitate memory 
formation (data not shown), chronic treatment with suberoylanilide 
hydroxamic acid (SAHA; vorinostat), a clinically approved agent, 
enhanced memory formation more potently than sodium butyrate 
(Supplementary Figs 1 and 1léc, d). This finding is consistent with 
the previous report’ that SAHA rescued memory deficits in a mouse 
model of Rubinstein—Taybi syndrome. Given the ability of both com- 
pounds to cross the blood-brain barrier, as measured indirectly by 
changes in histone acetylation in brain'®'*” and directly by measuring 
the amount of SAHA in the brain (data not shown), we focused our 
subsequent studies on SAHA-induced memory enhancement. 

Because SAHA inhibits primarily class I HDACs and HDAC6 (ref. 16), 
a class IIT HDAC known to target acetylation of o-tubulin on Lys 40 
(a-tubulin(K40))'”"8, we examined whether selective inhibition of 
HDAC6 with the HDACi WT-161 had effects on memory formation 
(Supplementary Fig. 2a—c). WT-161 did not increase memory formation 
(Supplementary Fig. 2d), suggesting that HDAC6 inhibition is not 
responsible for SAHA-induced memory enhancement. In agreement 
with these observations, proteome-wide studies of a SAHA-based affinity 
probe indentified HDAC1 and HDAC2 as the main cellular targets”, 
indicating that these may be relevant targets for HDACi-induced 
memory enhancement. 
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Hdac2, but not Hdac, functions in memory formation 


To directly evaluate the physiological role of HDAC] and HDAC7? in the 
brain, we generated two mouse lines in which HDAC1 or HDAC2 was 
overexpressed in neurons (Supplementary Fig. 3a—c). The mouse Hdac1 
or Hdac2 coding sequence was placed in frame with the endogenous 
initiation codon of exon 1 of the Tau (also known as Mapt) gene, 
thereby creating a fusion protein containing the first 31 amino-acid 
residues of Tau. Previously, homozygous animals mutant for Tau were 
shown to be indistinguishable from wild-type littermates in memory 
tests**', A two- to threefold increase in HDAC1 or HDAC2 protein 
expression in brain of homozygous animals in comparison with wild- 
type mice was observed in the hippocampus and other areas of the brain 
(Fig. la and Supplementary Fig. 4). Consistently, the overall level of 
acetylated lysine was decreased in homozygous HDAC1-overexpressing 
(HDACIOE) and HDAC2-overexpressing (HDAC2OE) mice (Fig. 1b), 
especially in the pyramidal neurons of the hippocampal formation 
(Supplementary Fig. 3d). We found decreased acetylation of histone 4 
on Lys 12 (H4K12) and H4K5, but not of H3K14, in HDAC2OE mouse 
brains (Fig. 1b and data not shown). In contrast, the level of acetylated 
o-tubulin(K40) did not change in HDAC1OE or HDAC2OE mice. 
Thus, the HDAC1/2-overexpressing animals showed increased histone 
deacetylation in the brain in comparison with wild-type littermates. 
There was no discernible difference in gross brain anatomy or neuronal 
positioning in the HDAC1/2-overexpressing mice (Supplementary Figs 
5 and 12), suggesting that increased HDAC1/2 is not detrimental to 
brain development. 

To evaluate the consequence of HDAC1/2 overexpression on 
hippocampus-dependent memory formation, four-month-old 
HDACIOE and HDAC20E mice were trained using Pavlovian fear 
conditioning paradigm before a memory test 24h later. Whereas 
HDACIOE mice (n= 17) displayed a comparable freezing level 
(P = 0.6470, context; P = 0.8199, tone) to that of the control mice 
(n= 19), we found that HDAC2OE mice (n= 14) showed markedly 
decreased freezing behaviour in both context-dependent and tone- 
dependent fear learning (Fig. 1c, P= 0.0035 and P= 0.0007, respec- 
tively). The decrease in freezing behaviour in HDAC2OE mice was not 
due to motor defects or impaired pain sensation, because their 
response to electric foot shock and the explorative behaviour during 
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Figure 1| Mice overexpressing HDAC2, but not HDAC1, show impaired 
memory formation. a, Western blots from brain lysate showed upregulation 
of HDAC1 and HDAC2 in homozygous mice overexpressing HDAC1 and 
HDAC2, respectively. WT, wild type; Ki/Ki, knock-in. b, Decreased histone 
acetylation in the hippocampus of HDACIOE and HDAC2OE mice. Tub, 
tubulin. c, Associative memory test for HDACIOE and HDAC20E mice 
(HDACIOE, n = 17; WT, n = 19; HDAC2OE, n = 14). Results are expressed 
as the percentage of time for which freezing behaviour was shown, during the 
contextual (top) and tone-dependent (bottom) memory tests. d, Distance 
travelled during the initial 3-min exposure to the training box in an open 
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exposure to novel context were similar to those of the control mice 
(Fig. 1d, e). In the short-term memory test, no significant difference 
could be detected between HDACIOE, HDAC2OE and wild-type 
control mice in both context-dependent and tone-dependent fear 
learning 3h after training (Supplementary Fig. 6b). These observa- 
tions suggest that a gain of HDAC2 function (but not that of HDAC1) 
in the nervous system results in associative learning impairments. 

To evaluate the integrity of hippocampus-dependent memory 
formation in the HDAC2OE mice further, we used the Morris water 
maze paradigm. The escape latency of the HDACI1OE mice closely 
paralleled that of the control mice during a 9-day training period for 
the hidden-platform model (P= 0.7784, two-way analysis of 
variance (ANOVA)). In contrast, the HDAC2OE mice showed sig- 
nificantly increased escape latency throughout the training process 
(P = 0.0010, two-way ANOVA; Fig. 1f). A probe trial was also per- 
formed to quantitatively measure the time spent in each quadrant of 
the swimming pool when the hidden platform was removed from the 
pool. Notably, the HDAC2OE mice did not show a preference for the 
target quadrant, whereas the control mice (P= 0.0145, target quad- 
rant versus opposite quadrant) and HDACIOE mice (P= 0.008) 
spent significantly more time in the target quadrant (Fig. 1g). 
Comparable motor and visual function between the various strains 
were observed in the visible-platform test (Supplementary Fig. 6a, b). 
These results revealed a marked decrease in spatial learning of the 
HDAC20OE mice. Furthermore, HDAC2OE (but not HDACIOE) 
mice showed impairment of spatial working memory in a T-maze 
non-matching-to-place task (Supplementary Fig. 6h). Thus, a gain of 
HDAC2 function, but not that of HDAC1, impairs hippocampus- 
dependent memory formation as well as working memory. 

To further investigate the role of HDAC2 in associative learning, 
Hdac2-deficient mice (HDAC2KO) were generated by crossing mice 
carrying a floxed Hdac2 allele with Nestin-Cre transgenic mice. 
Germline deletion of Hdac2 resulted in viable and fertile Hdac2*’ 
mice with no obvious histological abnormalities up to a year of age 
(Supplementary Methods and Supplementary Fig. 7). Crossing 
Hdac2*’~ mice gave rise to viable Hdac2-deficient mice, which had 
normal brain anatomy and cell positioning (Fig. 2a, b, Supple- 
mentary Figs 8a and 12, and data not shown). H4K5, H4K12 and 
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field test. e, Velocity during training and electric foot shock (I= 1.0 mA). 
f, Hidden platform of Morris water maze. Escape latencies of WT mice 
improved significantly faster than those of HDAC2OE mice 

(genotype X day Fj,g = 3.401, P = 0.0010; genotype Fis = 52.32, 
P<0.0001; day Fs = 7.372, P< 0.0001) but not those of HDAC1OE mice 
(genotype X day F,,5 = 0.5989, P = 0.7784; day F,,g = 12.14, P< 0.0001; 
genotype Fs = 0.2672, P = 0.6057) g, Representative path tracings of the 
probe test on day 5. Swimming times in each quadrant were measured: T, 
target quadrant; L, left quadrant; O, opposite quadrant; R, right quadrant. 
*P< 0.05; **P < 0.005; ***P < 0.001. Error bars show s.e.m. 
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Figure 2 | Hdac2 knockout mice show enhanced memory formation. 

a, Immunohistochemical images show HDAC2 expression in the 
hippocampus of WT mice but not in HDAC2KO mice. Scale bar, 100 jum. 
b, Samples from hippocampal histone extraction show changes in histone 
acetylation level in HDAC2KO mice. ¢, Freezing behaviour of HDAC2KO 
mice and control littermates (Hdac2", n= 9; WT, n= 11) during the 
contextual (left) and tone-dependent (right) memory tests. d, Distance 
travelled during the initial 3-min exposure to the training box in an open 
field test. e, Velocity during training and electric foot shock (J = 0.8 mA). 
**P < 0.005. Error bars show s.e.m. 


H2B acetylation were significantly increased in the hippocampus of 
HDAC2KO mice. However, overall lysine acetylation in histone pre- 
parations was slightly decreased, as revealed by western blot analysis 
(Fig. 2b). This might be the consequence of a compensatory increase 
in HDACI1 in HDAC2KO mice (Supplementary Fig. 7d). The 
HDAC2KO mice showed markedly increased freezing behaviour as 
evaluated by the context-dependent and tone-dependent fear con- 
ditioning model (P = 0.0036, P = 0.0047; Fig. 2c) 24h after training 
in comparison with wild-type littermates. In the short-term memory 
test, HDAC2KO mice showed increased freezing behaviour 
(P= 0.010; Supplementary Fig. 6e) in comparison with wild-type 
littermates in context-dependent conditioning. No differences in 
the locomotor activity or pain sensation were detected between these 
two groups of mice (Fig. 2d, e). Thus, loss of HDAC2 function 
enhanced associative learning. Furthermore, HDAC2KO mice showed 
a profound spatial working memory improvement in the T-maze non- 
matching-to-place task (P = 0.025, two-way ANOVA; Supplementary 
Fig. 6g). These data, coupled with the gain-of-function studies, suggest 
that HDAC2 negatively regulates memory formation in mice. 


HDAC2 regulates synaptogenesis and synaptic plasticity 

Because the synapse is widely assumed to be the cellular basis for 
learning and memory’, we assessed whether HDAC2 regulates the 
density of dendritic spines and therefore synapse numbers. Indeed, 
the density of dendritic spines along individual dendrites of hippo- 
campal CA1 pyramidal neurons and dentate gyrus (DG) granule cells 
was markedly decreased in HDAC2OE mice (P< 0.005; Fig. 3a and 
Supplementary Fig. 15a, b), but not in HDACIOE mice (Supple- 
mentary Fig. 9a), in comparison with wild-type mice. Conversely, spine 
density was significantly higher in HDAC2KO mice, suggesting that 
HDAC2 suppresses spine formation in hippocampal CAl and DG 
neurons. Detailed quantifications showed that spine shape is not related 
to the expression level of HDAC2 (Supplementary Fig. 15a, b). 
Furthermore, immunoreactivity towards synaptophysin"®, which labels 
presynaptic terminals of functional synapses, was significantly increased 
in the CAI striatum radiatum of the HDAC2KO mice (P< 0.0001) and 
decreased in HDAC2OE mice in comparison with wild-type mice 
(P= 0.0279; Fig. 3b), indicating more presynaptic terminals in 
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Figure 3 | HDAC2 regulates synapse formation and plasticity in mouse 
hippocampus. a, Representative images of Golgi staining from CA1 region 
of hippocampus (WT, n = 23; HDAC2OE, n = 21; HDAC2KO, n = 27). 
Yellow arrowheads indicate the spines. KO, HDAC2KO; OE, HDAC20E. 
Scale bar, 10 ppm. b, Representative confocal images of synaptophysin (SVP)- 
immunoreactive (IR) signal on CA1l (HDAC2KO, n = 17; WT, n = 25; 
HDAC2OE, n = 21). py, pyramidal neuron layer; s.r., stratum radiatum. 
Scale bar, 50 um. *P < 0.05; **P < 0.005; ***P < 0.001. c, LTP was induced 
by two trains of HFS (2 < 100 Hz, 1s) in the CAI region from six-month-old 
HDAC20E mice (red trace; n = 8) or their WT littermates (black trace; 
n= 7). By 40 min, the field excitatory postsynaptic potentials (fEPSPs) from 
HDAC20E mice decayed to the baseline (103.1 + 1.8% compared with 
baseline), whereas fEPSPs from control mice remained potentiated 

(137.9 + 6.8% compared with the baseline). d, LTP was induced by one HFS 
in the CA1 region from HDAC2KO mice (red trace; n = 8) or their WT 
littermates (black trace; n = 6). Slices from WT mice showed a transient 
potentiation that decayed to the baseline (102.9 + 4.5% compared with the 
baseline), 40 min after induction, whereas slices from HDAC2KO mice 
showed a robust potentiation (144.1 + 2.0% compared with the baseline). 
Insets in ¢ and d show superimposed sample sweeps from the first 5 min 
(black) and last 5 min (red) of the recording. Error bars show s.e.m. 


HDAC2KO mice and fewer in HDAC20E mice. The pattern of change 
in synaptophysin staining in the amygdala was similar to that observed 
in area CAl (Supplementary Fig. 8b). Taken together, these results 
suggest that HDAC2 regulates synapse formation. 

We next determined whether HDAC2 also regulates synaptic plas- 
ticity. To this end, we performed electrophysiological recordings on 
hippocampal slices prepared from HDAC2OE mice, HDAC2KO mice 
and their control littermates. Long-term potentiation (LTP) of CA1 
neurons induced by two trains of high-frequency stimulation (HFS) on 
the Schaffer collaterals was observed in wild-type but impaired in 
HDAC20E mice (Fig. 3c). A single train of HFS induced synaptic 
potentiation of WT CAI neurons, which rapidly decayed, whereas 
robust LTP was readily induced by one train of HFS in CA1 neurons 
of HDAC2KO mice (Fig. 3d). No significant difference between wild- 
type and HDAC2OE groups was observed in paired-pulse facilitation 
(data not shown). As an additional control, we found that hippocam- 
pal LTP was not altered in HDACIOE in comparison with wild-type 
controls (Supplementary Fig. 9c). Thus, overexpression of HDAC2 
impaired synaptic plasticity, whereas loss of HDAC2 function facili- 
tates synaptic plasticity. Taken together, these data indicate an inverse 
relationship between levels of HDAC2 and synapse numbers, which in 
turn affects synaptic plasticity and learning and memory. 


HDAC2 suppresses neuronal gene expression 


It was previously suggested that HDACs regulate learning and memory 
by repressing gene expression through chromatin remodelling”””. 
Specifically, HDACis were reported to enhance memory formation 
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and synaptic plasticity through CREB—CBP-dependent transcriptional 
activation’. We speculated that HDAC2 might suppress the expression 
of memory-associated genes by binding to their regulatory elements. 
We surveyed the association of HDAC1 or HDAC2 with the promoter 
of a total of 24 genes implicated in synaptic remodelling/plasticity or 
regulated by neuronal activity (Supplementary Table 1), and other 
genes that are not specifically associated with synaptic function. To 
this end, we performed chromatin immunoprecipitation (ChIP). 
Consistent with previous reports that both HDAC1 and HDAC2 are 
associated with cell cycle genes, we observed a similar enrichment of 
HDAC1 and HDAC2 at the promoters of p21 (also known as Cdkn 1a), 
Atf4 and Pgk1 (Fig. 4a). In contrast, with minor exceptions, HDAC2 
was more enriched than HDAC] at the promoters of genes implicated 
in synaptic remodelling/plasticity or regulated by neuronal activity, 
including Bdnf promoter I/II, Egrl, Fos, Cpgl5 (also known as 
Nrn1), Camk2a, Creb1, Crebbp, NRXN3 and the NMDA receptor sub- 
units (Fig. 4a and Supplementary Fig. 10b). HDAC2 antibody failed to 
enrich these promoter sequences in preparations made from 
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HDAC2KO brain (Supplementary Fig. 10a), demonstrating the speci- 
ficity of the previous results. Furthermore, we determined that levels of 
AcH3 and AcH4 were increased in multiple synaptic plasticity genes 
including Bdnf-pII, Egr1, Fos and GLURI (also known as Grial) pro- 
moters in the HDAC2KO mice in comparison with the wild-type 
controls (Fig. 4b). A significant decrease in AcH3 in Bdnf-pII, Fos 
and Grial promoters was also detected in HDAC2OE mice, but not 
in HDACIOE. Consistent with the notion that HDAC2 negatively 
regulates gene expression, the protein levels of multiple synaptic genes 
were markedly increased in the brain of HDAC2KO mice and 
decreased in HDAC20E mice but not in HDACIOE mice 
(Supplementary Figs 10c, d and 11a, b). Furthermore, in dissociated 
neurons, treatments with forskolin, KC] or BDNF (brain-derived neu- 
rotrophic factor), all of which activate the CREB pathway”’, increased 
EGRI expression in an EGR1-GFP reporter assay (Supplementary Figs 
11c, dand 16a, b). SAHA treatment markedly potentiated the express- 
ion of EGR1-—GEP, which is consistent with the notion that HDAC2 
inhibition allows greater activation of the CREB—CBP pathway because 
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Figure 4 | HDAC2, but not HDAC1, binds to promoters of memory-related 
genes. a, Semi-quantitative PCR from ChIP of samples showed specificity of 
DNA binding for HDAC2 and HDAC! quantified according to the real-time 
PCR signal (n = 3). IP, immunoprecipitation. b, Changes in histone 
acetylation in specific gene promoter regions in brains of HDAC1OE, 


antibody > - eee 


HDAC20E and HDAC2KO mice. Fragmented chromatin was 
immunoprecipitated with antibody recognizing AcH3 or AcH4 and 
quantified with real-time PCR. ¢, Nuclear extracts prepared from the WT or 
HDAC2KO mouse brains were immunoprecipitated to evaluate the 
association of HDAC1 or HDAC2 with co-repressors. Error bars show s.e.m. 
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EGRI is a known CREB target gene. In these neurons, the effect of 
treatment with SAHA alone was not as potent as simultaneous treat- 
ment with either forskolin or KCl. Taken together, these experiments 
suggest that HDAC2 suppresses the expression of synaptic remodelling 
and plasticity genes. Thus, changes in expression of these genes in 
HDAC2KO and HDAC2OE mice might underlie the facilitated or 
impaired learning behaviour and synaptic plasticity of these mice. 


CoREST associates with HDAC2 in the brain 


In an attempt to decipher the mechanism by which HDAC2, but not 
HDACI, preferentially occupies activity-dependent gene promoters 
in vivo, we investigated the distribution of HDAC1 and HDAC2 in 
the brain and the association of these two HDACs with co-repressors. 
We found that HDAC2 was expressed more abundantly in neurons 
whereas HDAC1 was expressed more robustly in the cells positive for 
GFAP (glial fibrillary acidic protein; Supplementary Fig. 14a, b). When 
we evaluated the associations of HDAC] and HDAC2 with mSin3a, 
CoREST and MTA2 (NuRD) in wild-type and HDAC2KO brains, we 
observed interactions of HDAC2 with all three co-repressors (Fig. 4c). 
In contrast, we failed to detect an association of HDAC1 with CoREST 
in wild-type mice and even in HDAC2KO brain lysates, despite the fact 
that HDAC1 was upregulated and its association with mSin3a and 
MTA2 was higher in these brains (Fig. 4c). These experiments suggest 
that CoREST preferentially associates with HDAC2. CoREST has been 
shown to have a key function in repressing neuronal gene expression by 
recruiting the molecular machinery responsible for silencing across a 
chromosomal interval**”*. Thus, our finding that HDAC2, but not 
HDAC, interacts with CoREST in the brain fits in well with the notion 
that loss of HDAC2 function in neurons leads to the upregulation of 
neuronal genes involved in basal and activity-induced neuronal func- 
tions that facilitate learning and memory. Our results are also consistent 
with the recent report that alteration of S-nitrosylation of HDAC2 alone 
could affect EGR1/c-Fos expression in neurons”*. 


HDACis elicit memory enhancement through HDAC2 


The enhanced learning and memory, facilitated synaptic plasticity, 
and increased dendritic spine density and synapse number in the 
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Figure 5 | SAHA, an HDAC inhibitor, improves associative learning by 
targeting HDAC2. a, Memory test for mice with contextual fear- 
conditioning training (foot shock 1.0 mA). HDAC2OE mice (right; n = 12, 
each group) and WT littermates (left; SAHA group, m = 12; saline group, 


n= 15) were treated with saline or SAHA (25 mg kg’, intraperitoneally) for 
10 days before the memory test. b, Immunostaining images of CA1 region 
from WT and HDAC20E mice that had received chronic SAHA treatment or 
saline treatment (n = 12 for each group). Py, pyramidal neuron layer; s.r., 
stratum radiatum, Scale bar, 50 jim. ¢, Images of Golgi staining from the CA1 
region of the hippocampus. Naive WT mice, n = 23; SAHA-treated WT 
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HDAC2KO mice are highly reminiscent of the reported effects of 
treatment with HDACis*”’°. We wondered whether HDAC2 is the 
major target for HDACi-induced memory enhancement. If this were 
so, one would expect that the learning impairment of HDAC2OE 
mice would be readily ameliorated by treatment with HDACis, 
whereas the same treatment should have no effect on memory forma- 
tion in HDAC2KO mice. Because SAHA was found to be a more 
potent memory enhancer than sodium butyrate when given to mice 
(Supplementary Fig. 1c), we used SAHA in all subsequent experi- 
ments. SAHA was administered daily by intraperitoneal injection 
(25 mgkg  ') for 10 days before contextual fear conditioning training 
and memory testing. Notably, SAHA significantly increased the 
freezing behaviour of HDAC2OE mice, from 26.9+5.9% to 
66.7 + 5.1% (means = s.e.m. throughout; Fig. 5a). It should be noted 
that in the same training models, SAHA treatment increased the 
freezing behaviour of wild-type control mice from 44.8 + 4.7% to 
63.9 + 4.2%. Thus, the freezing levels of HDAC2OE mice after SAHA 
treatment were comparable to those of the control mice treated with 
SAHA, despite the fact that saline-treated HDAC2OE mice showed 
lower freezing behaviour. Concordantly, SAHA treatment com- 
pletely abrogated the decreased dendritic spine and synapses pheno- 
type in HDAC20E mice (Fig. 5b,c). 

Next we investigated the effects of SAHA on HDAC2KO mice. 
Because HDAC2KO mice showed markedly increased freezing beha- 
viour in comparison with wild-type littermates without treatment, we 
sensitized the assay by lowering the foot shock intensity from 1.0 to 
0.5 mA to prevent a possible ceiling effect. In this model, SAHA treat- 
ment induced significantly higher freezing behaviour (P = 0.0383) in 
the wild-type control mice (45.0 + 6.9% versus 25.0 + 5.8%; Fig. 5d). 
However, SAHA treatment did not alter the freezing behaviour in the 
HDAC2KO mice (52.1+9.8% versus 49.34 8.4%, P= 0.8324; 
Fig. 5d). Furthermore, dendritic spine density of CA1 neurons and 
synaptophysin staining in the stratum radiatum of the HDAC2KO 
mice were not significantly affected by SAHA treatment (Fig. 5e, f). 
Consistently, although SAHA treatment modestly increased LTP in 
the wild-type hippocampus, it did not have a detectable effect on LTP 
in the HDAC2KO hippocampus (Supplementary Fig. 13). Thus, 
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Scale bar, 10 tum. d, Memory tests for mice with contextual fear-conditioning 
training (0.5-mA foot shock) after 10-day SAHA injection (25 mgkg ’, 
intraperitoneally). WT mice (left), n = 10 in each group; HDAC2KO mice 
(right), m = 8 in each group. e, Immunostaining images of CA1 region from 
HDAC2KO mice that had received chronic SAHA treatment or saline 
treatment. Saline, n = 15; SAHA, n = 22. Scale bar, 50 um. f, Images of 
Golgi staining of CA1 region from HDAC2KO mice. SAHAmice , n = 24; 
naive mice, n = 27. *P < 0.05; **P < 0.005; ***P < 0.001. Error bars show 
s.e.m. 
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HDAC2KO mice are refractory to synaptogenesis and to facilitation of 
synaptic plasticity and memory formation induced by SAHA. These 
results strongly suggest that HDAC2 is the major, ifnot the only, target 
of SAHA in eliciting memory enhancement. 


Discussion 


Using mouse genetic models, we delineated the functions of HDAC1 
and HDAC2 in the brain, and showed evidence that HDAC2 has a 
negative function in regulating memory formation. Notably, we iden- 
tified HDAC2 as the major target of HDACi for facilitating learning and 
memory. However, we cannot rule out the possibility that other HDAC 
family members also have a role in synaptic function and memory, or 
that non-histone substrates may also be modulated by HDAC2. 

Our observations suggest that HDAC1 and HDAC2 differentially 
regulate subsets of activity-regulated genes implicated in plasticity 
and memory. This is unexpected, given that HDAC] and HDAC2 
were reported to form functional heterodimers”’. However, here we 
have shown that, HDAC2 is more abundant than HDAC] in the co- 
repressor complexes containing CoREST and that HDAC2 is 
expressed more abundantly in neurons, providing further insight 
into the functional differences between HDAC1 and HDAC2 in the 
nervous system. Other possibilities, such as differences in post-trans- 
lational modifications, might also contribute to the biochemical and 
functional dissociation between HDAC1 and HDAC2, because 
HDAC2Z has recently been shown to be modified by S-nitrosylation 
and to regulate EGR1 expression”®. It should be noted that Hdacl 
deficiency in mice is detrimental, resulting in embryonic lethality**. A 
recent study has indicated that loss of HDACI function in neurons 
causes DNA damage and cell death”. Conversely, Hdac2-deficient 
mice are viable and have enhanced memory formation. Using genetic 
models, we have found a new and unexpected function of HDAC2 as 
a repressor of synaptic plasticity genes and as a mediator of 
the beneficial effects of HDACis. Not only do these results reveal 
important distinct functions of HDAC1 and HDAC2 in adult mouse 
brain, they also suggest a new strategy for therapeutic intervention of 
human diseases associated with memory impairment. 


METHODS SUMMARY 


The mouse HDAC1 or HDAC2 coding sequence was placed into exon 1 of the 
Tau gene. HDAC2KO mice were produced in the laboratory of R.A.D. and engi- 
neered to contain /oxP recombination sites such that Cre-mediated recombination 
deleted exons 5 and 6. Sodium butyrate (Sigma) was dissolved in saline. HDAC 
inhibitors were dissolved in dimethylsulphoxide (DMSO) at 50mgml' and 
diluted with saline immediately before injection (100-150 ul, intraperitoneally). 
Lysates for immunoblotting were prepared as described previously*. Immunoblot 
data were quantified by measuring the band intensity with NIH imaging software 
and UN-SCAN-it gel digitizing software (Silk Scientific). Immunostaining was 
performed as described previously* with LSMeta10 software and a confocal micro- 
scope (Zeiss). All behavioural testing was performed as described previously*. The 
data were analysed by unpaired Student’s t+test. Two-way ANOVA was used to 
compare difference between groups at several time points. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Gene targeting construct for HDACIOE mice. The ~1,200-nucleotide-long 
mouse HDACI1 complementary DNA was amplified from a brain cDNA library 
and confirmed by sequencing. The cDNA was then cloned upstream of the 
polyadenylation (pA) signal of pC8N2 with a Spel blunt ligation; subsequently 
HDACI1-pA was cloned into pBSK (Stratagene). A pGKneoLoxP sequence was 
directionally inserted into the Xhol—Kpn1 site downstream of HDAC1-pA in 
pBSK. HDAC1-pA-neo was released with Xmal—Acc65 and cloned in frame into 
exon | of the Mapt gene. The Mapt targeting arms were taken from pTauKR”! 
and modified by the insertion of an Xmal and BsiWI linker in the unique Ncol 
site. The resulting targeting vector (pTH1) containing the in-frame fusion of the 
HDACI coding sequence with exon 1 of Mapt was confirmed by sequencing. 
Mice 3-6 months old were used for the behaviour test and further analysis. 
Gene targeting construct for HDAC2OE mice. The mouse HDAC2 cDNA was 
obtained by RT-PCR from mouse brain tissue. It was sequenced and subcloned 
into the XholI-EcoR1 site of the Topo-TA vector (Invitrogen). The pTH1 tar- 
geting vector (described above) was cut open with SmaI-—Sall to release HDAC]. 
The HDAC2 cDNA was cut out from Topo-TA with EcoRI-Xhol and cloned 
into the Smal-Sall site of pTH1, to create the pTH2 targeting vector. The in- 
frame fusion of HDAC2 to exon 1 of Tau was verified by sequencing of pTH2. 
The targeting vectors pTH1 and pTH2 were linearized with SacI and electro- 
porated into the V6.5 (129 X C57BL/6) F; embryonic stem (ES) cell line. We 
picked 96 neomycin-resistant clones, of which 46 were analysed by Southern 
blots. We used only a 3’ external probe, after digestion with BamHI and EcoRI. 
Wild-type clones show a band at 8.8 kilobases (kb). The correct targeting event 
results in a band shift to 13 kb for the targeted allele. Five clones were correctly 
targeted. Two clones were used to generate chimaeras by injections into (DBA/ 
2 X C57BL/6) F, blastocysts. Chimaeras were mated to C57BL/6 females and 
offspring were analysed for germline transmission. The heterozygous knock-in 
strains were maintained in a mixed background and were mated to obtain 
homozygous animals. Mice 3-6 months old were used for the behaviour test 
and further analysis. 

Generation of HDAC2KO mice. The Hdac2 floxed allele was generated by 
flanking exons 5 and 6 with JoxP recombination sites, ensuring the deletion of 
the HDAC-catalytic core of the protein after Cre-recombinase-mediated dele- 
tion (Supplementary Fig. 7a). On successful targeting of ES cells and subsequent 
derivation of chimaeric mice, we established a mouse strain carrying a floxed 
allele of Hdac2 (Hdac2") (FVB). Infection of mouse embryonic fibroblasts 
(MEFs) with retroviruses expressing Cre recombinase resulted in complete abla- 
tion of HDAC2 only in MEFs carrying two floxed Hdac2 alleles (Supplementary 
Fig. 7b). This indicates that the floxed Hdac2 allele is functional and results in an 
Hdac2-null genotype on expression upon Cre recombinase. Deletion of Hdac2in 
the germline with Ella-Cre or Nestin-Cre transgenic mice resulted in viable and 
fertile Hdac2*/~ mice with no obvious histological abnormalities up to one year 
of age. Crossing Hdac2*’~ mice gave rise to viable Hdac2-deficient mice, but 
these mice were born with a twofold lower frequency than expected from a 
normal Mendelian ratio (9 Hdac2-’~ mice out of 79 littermates, in contrast 
with 20 out of 79 expected; Supplementary Fig. 7c). Although Hdac2 ‘~ mice 
are viable and are capable of producing offspring, their fertility is compromised 
(data not shown). Hdac2~/~ mice (males and females) were about 25% smaller 
than wild-type and heterozygote littermates (data not shown). The animals used 
for behaviour tests were in a FVB X C57/BL6 background and mated to each 
other to obtain homozygous animals. Mice 3-6 months old were used for the 
behaviour test and further analysis. There were no difference in behaviour test 
results between males and females. 

Fear conditioning tests. Context-dependent fear conditioning: training con- 
sisted of a 3-min exposure of mice to the conditioning box (context) followed 
by a foot shock (2s; 0.5, 0.8 or 1.0 mA constant current). The memory test was 
performed 24h later by re-exposing the mice for 3 min to the conditioning 
context. Freezing, defined as a lack of movement except for heartbeat and res- 
piration associated with a crouching posture, was recorded every 10s by two 
trained observers (one was unaware of the experimental conditions) for 3 min (a 
total of 18 sampling intervals). The number of observations indicating freezing 
obtained as a mean from both observers was expressed as a percentage of the total 
number of observations. For the short-term memory test, the memory test was 
performed 3h after the foot-shock training. 

Tone-dependent fear conditioning: training consisted of a 3-min exposure of 
mice to the conditioning box (context), followed by a tone (30s, 20 kHz, 75 dB 
sound pressure level (SPL)) and a foot shock (2 s, 0.8 mA constant current)”. The 
memory test was performed 24h later by exposing the mice for 3 min to a novel 
context followed by an additional 3-min exposure to a tone (10 kHz, 75 dB SPL). 
Freezing was recorded every 10s by two unnbiased observers as described above. 
Morris water maze test. The water maze model”’ was performed in a circular 
tank (diameter 1.8 m) filled with opaque water. A platform (11 cm X 11 cm) was 
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submerged below the water’s surface in the centre of the target quadrant. The 
swimming path of the mice was recorded by a video camera and analysed by 
Videomot 2 software (TSE-Systems). For each training session, the mice were 
placed into the maze consecutively from four random points of the tank. Mice 
were allowed to search for the platform for 60s. If the mice did not find the 
platform within 60 s, they were gently guided to it. Mice were allowed to remain 
on the platform for 15s. Two training trials were given every day; the latency for 
each trial was recorded for analysis. During the memory test (probe test), the 
platform was removed from the tank, and the mice were allowed to swim in the 
maze for 60s. 

Spatial working memory on elevated T-maze. Mice were maintained on a 
restricted feeding schedule at 85% of their free-feeding weight. Spatial working 
memory was first assessed on an elevated plastic T-maze. This consisted ofa start 
arm (47 cm X 10 cm) and two identical goal arms (35 cm X 10 cm), surrounded 
by a wall 10cm high. A plastic food well was located 3 cm from the end of each 
goal arm. The maze was located 1 m above the floor in a well-lit laboratory that 
contained various prominent distal cues beyond the maze. The mice were habi- 
tuated to the maze and to drinking sweetened condensed milk, over several days 
before spatial non-matching-to-place testing. 

Each trial consisted of a sample run and a choice run. On the sample run, the 
mice were forced either left or right by the presence of a plastic block, according 
to a pseudorandom sequence (with equal numbers of left and right turns per 
session, and with no more than two consecutive turns in the same direction). A 
reward consisting of 0.07 ml of sweetened condensed milk (diluted 1:1 with 
water) was available in the food well at the end of the arm. The block was then 
removed, and the mouse was placed, facing the experimenter, at the end of the 
start arm and allowed a free choice of either arm. The time interval between the 
sample run and the choice run was approximately 15 s. The animal was rewarded 
for choosing the previously unvisited arm (that is, for alternating). Mice were 
run one trial at a time with an intertrial interval of about 10 min. Each daily 
session consisted of 4 trials, and mice received 24 trials in total. 
Administration of chemicals. SAHA was synthesized as described previously in 
ref. 32. WT-161 was synthesized by J.E.B. (details are available from the author). 
Sodium butyrate was purchased from Sigma (catalogue no. B5887). SAHA and 
WT-161 were dissolved in DMSO as stock solutions and diluted in saline just 
before injection. Sodium butyrate was prepared in saline. Mice received intra- 
peritoneal injection daily with either SAHA or saline for either 10 or 21 days, 
using a vehicle consisting of 10% DMSO/90% saline (water containing 0.9% 
NaCl). SAHA and WT- 161 solutions were first prepared by making a 50 mg ml! 
compound/DMSO stock solution, then diluted 1:9 with saline (5 mg ml ' final 
concentration) so that the final volume of DMSO was 10%, and administered 
immediately with a 26-gauge needle. 

Golgi impregnation. Golgi-Cox-stained brains*’ were cut to cross-sections 
200 um thick with a Vibratome (Leica) and analysed with a Zeiss 200 Axiovert 
microscope and Openlab software. The number of apical and basal spines on 
hippocampal CA1 pyramidal neurons was counted blind to the genotype. For 
each experimental group, a minimum of ten cells per slice (animal number 
n= 3) were analysed. CA1 hippocampal neurons within the region — 1.4mm 
to —1.6 mm (relative to the bregma position) were included for the analysis. 
Virus-mediated spine labelling. Tomato-expressing herpes simplex virus 
(HSV; 0.5 ul; a gift from R. Neve) was stereo-injected into both sides of area 
CAI or dentate gyrus at a rate of 0.05 ulmin~'. Mice were killed 48h after 
injection. Brains were fixed with 4% paraformaldehyde (PFA) and sectioned 
with a Vibratome (50-,1m slices). Hippocampal slices were scanned with a con- 
focal microscope. The image stacks obtained were reconstructed and analysed 
with Image J (NIH). 

Immunohistochemistry. Immunohistochemical analysis was performed as 
described previously**. Antibodies were used at a dilution of 1:1,000. Anti- 
HDACI and anti-HDAC2 antibodies were purchased from Abcam. Anti-Ac- 
lysine, anti-Ac-H4K5, anti-Ac-H4K12, anti-Ac-H3K16, anti-CREB, anti-AKT 
and anti-CaMKIIa antibodies were purchased from Cell Signaling. Anti-Ac-c- 
tubulin (K40), anti-actin and anti-synaptophysin (SVP-38) antibodies were 
purchased from Sigma. Anti-NR2A and anti-NR2B were purchased from BD 
Biosciences. Anti-B-catenin, anti-EGR1, anti-c-Fos, anti-Brn1, anti- TLE4, anti- 
CDP, anti-ER81 and anti-GAPDH antibodies were purchased from Santa Cruz. 
Anti-NeuN antibody was purchased from Chemicon. Confocal images (1 1m) 
were scanned and subjected to three-dimensional reconstruction. LSMetal0 
software (Zeiss) was used to calculate the mean synaptophysin intensity. Brain 
sections with the strongest intensity were scanned first. All other images included 
in the analysis were scanned with the same settings. Staining was quantified with 
LSMeta10 software (Zeiss). 

Protein extraction and immunoblotting. The hippocampus and forebrain were 
collected and lysed in RIPA buffer. The lysates were incubated for 15 min on ice 
and centrifuged for 15 min at 15,000g and 4 °C. The supernatant was collected as 
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cytosolic protein extract. The lysates were subjected to 10% SDS-PAGE followed 
by immunoblotting. 

Extraction of histone proteins. Hippocampus samples were collected and 
homogenized in 400 pl of TX buffer (50mM Tris-HCl pH 8.5, 5mM sodium 
butyrate). The pellets were resuspended in TX buffer containing 0.2 M HCl and 
incubated on ice for 30 min. Samples were centrifuged at 14,000 r.p.m. (18,000g) 
and the histone-containing supernatants were subjected to western analysis. 
Electrophysiological analysis. Three-to-six-month-old HDAC20E_ or 
HDAC2KO mice or their littermates were killed by cervical dislocation, and 
hippocampuses were rapidly dissected in iced oxygenated artificial cerebrospinal 
fluid (ACSF). Transverse hippocampal slices 400 um thick were placed in a 
chamber and continuously perfused with oxygenated ACSF. A bipolar stimulat- 
ing electrode (0.002-inch-diameter Nichrome wire; A-M Systems) placed in the 
stratum radiatum was used to elicit action potentials in CA3 axons. An ACSF- 
filled glass microelectrode with a resistance between 0.5 and 3 MQ was placed in 
the stratum radiatum region of CA1 and was used to record the field excitatory 
postsynaptic potentials (fEPSPs). Data were acquired with a Heka EPC10 and 
analysed with PatchMaster (Heka). Peak fEPSP amplitudes from stimulators 
were required to be at least 2 mV, and stimulus intensity was set to produce 
40% of the maximal response. Baseline responses were recorded for 20 min. 
fEPSPs were evoked at the CA1 synapses by stimulating Schaffer collaterals at 
a low frequency (2 min” ') to establish a stable baseline. Immediately after LTP 
induction with HFS (100Hz, 1s), slices from HDAC2OE and control mice 
showed an increase in fEPSP slope and amplitude, suggesting that short-term 
potentiation occurs in all groups. For HDAC2KO and its control wild-type slices, 
LTP was induced by applying one train of stimuli at 100Hz for 1s. For 
HDAC20E and its control wild-type slices, LTP was induced by applying two 
trains of stimuli at 100 Hz for 1s, with an interval of 20s between trains. 
Image-based EGR1 expression assay for cultured neurons. Embryonic cortices 
(E17) of EGRI-GFP BAC transgenic mice (Genesat Project) were isolated with 
standard procedures. Brain tissues were digested with trypsin/DNase and triturated 
with a glass pipe in neurobasal medium. Cortical neurons were plated at a density of 
10,000 cells per well in black/clear-bottomed plates coated with poly-(D-lysine) 
(Costar) in neurobasal (Gibco) medium (containing 1.6% B27, 2% Glutamax, 1% 
penicillin/streptomycin and 5% heat-inactivated fetal calf serum) and in neurobasal 
medium without serum 24 h later. Under these culture conditions, the percentage of 
glia was estimated to be in the range 5—25%. On day 6, HDAC inhibitors or DMSO 
control (triplicates or quadruplicates) were added to the cultures for about 30h. 
BDNF, KC] or forskolin was added to the cultures for 8 h on day 7. 

Cells were fixed in 4% PFA/4% sucrose in PBS. Fixative was washed away with 
PBS (three wash cycles) and processed for EGRI-GFP imaging. Cells (3,000— 
5,000 per well) were imaged and analysed with a 5X objective using the 
Cellomics ArrayScan Image system. The built-in TargetActivation algorithm 
was optimized to measure the average EGR1-—GFP expression per cell (mean 
fluorescence intensity per cell per well), using the Hoechst dye to mark cells. 
The data were normalized to control (DMSO addition). 

After imaging, cells were processed for antibody staining: cells were permeabilized 
with 0.25% Triton X-100 (10-15 min). Triton was washed away by three wash cycles 
with PBS, and cells were blocked in PBS containing 10% goat serum or horse serum 
(1h, 37 °C). Cells were exposed to anti-(acetyl-lysine-histone H3) or anti-(acetyl- 
lysine-histone H4) antibody, then washed five times with PBS followed by secondary 
antibody conjugated to Alexa594, and Hoechst (1h, room temperature (20- 
25 °C)). Secondary antibody was washed five times with PBS and then assayed on 
a Cellomics ArrayScan Image system. 

Chromatin immunoprecipitation (ChIP). ChIP was performed with mouse 
forebrains fixed with 4% PFA solution and stored at —80 °C before use. Brains 
were chemically cross-linked by the addition of a one-tenth volume of fresh 11% 
formaldehyde solution for 15 min at room temperature, ten homogenized, resus- 
pended, lysed in lysis buffers, and sonicated to solubilize and shear crosslinked 
DNA. Sonication conditions varied depending on the cells, culture conditions, 
crosslinking and equipment. We used a Misonix Sonicator 3000 and sonicated at 
power 7 for ten 30-s pulses (90-s pause between pulses) at 4 °C while samples were 
immersed in an ice bath. The resulting whole-cell extract was incubated overnight 
at 4 °C with 100 pl of Dynal Protein G magnetic beads that had been preincubated 
with 10 tg of the appropriate antibody. Beads were washed five times with RIPA 
buffer and once with TE (10mM Tris-HCl pH 7.5, 1mM EDTA) containing 
50mM NaCl. Bound complexes were eluted from the beads by being heated at 
65 °C with occasional vortex-mixing, and crosslinking was reversed by incubation 
overnight at 65 °C. Whole-cell extract DNA (reserved from the sonication step) 
was also treated for crosslink reversal. Immunoprecipitated DNA and whole-cell 
extract DNA were then purified by treatment with RNaseA, proteinase K and 
multiple extractions with phenol/chloroform/3-methylbutan-1-ol. Purified 
DNA samples were normalized and subjected to PCR analysis. Antibodies used 
for pulldowns were: anti-HDAC1 (catalogue no. 31263) and anti-HDAC2 
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(catalogue no. 12169) from Abcam, and anti-AcH4 (catalogue no. 06-866) and 
anti-AcH3 (catalogue no. 06-599) from Upstate Biotechnology. After immuno- 
precipitation, recovered chromatin fragments were subjected to semiquantitative 
PCR or real-time PCR for 32-40 cycles, using primer pairs specific for 150-250- 
base-pair (bp) segments corresponding to mouse gene promoter regions (regions 
upstream of the start codon, near the first exon). 

Real-time PCR. Real-time PCR was performed with SYBR-Green-based 
reagents (Express SYBR GreenER; Invitrogen), using a CFX96 real-time PCR 
Detection system (Bio-Rad). The relative quantities of immunoprecipitated 
DNA fragments were calculated by using the comparative Cy method. Results 
were compared with a standard curve generated by serial dilutions of input DNA. 
Data were derived from three independent amplifications. 

Primer sequences used for PCR were as follows: BDNF PI, 5'-TGATC 
ATCACTCACGACCACG-3’ and 5’-CAGCCTCTCTGAGCCAGTTACG-3’; 
BDNF PIl, 5’-tgaggatagtgGTGGAGTTG-3’ and 5’-taaccttttcctcctcc-3'; BDNF 
PIV, 5'-GCGCGGAATTCTGATTCTGGTAAT-3’ and 5’-GAGAGGGCTCC 
ACGCTGCCTTGACG-3'; CREB, 5’-CTACACCAGCTTCCCCGGT-3’ and 
5'-ACGGAAACAGCCGAGCTC-3’; PKM{¢ (100bp upstream of the PKMC 
mRNA initiation site*’, which contains a cAMP response element (CRE) con- 
sensus sequence), 5’-TGTTGAGTCTGGGCCCTC-3’ and 5'-CCTGGCCTCCG 
GACC-3’; CBP, 5’-CGGGCAGGGGATGAG-3’ and 5’-GCGAGCCAGCGAG 
GA-3’; neurexin I, 5’-CAGGGCCTTTGTCCTGAATA-3’ and 5'-GCTTTGAA 
TGGGGTTTTGAG-3’; neurexin III, 5'-ACTGAGAGCTAGCCACCCAGAC-3' 
and 5'-TTGCCCATTTGTGAATTTGA-3’; PGK1, 5'-ACATTTTGGCAACACCG 
RGAG-3’ and 5'-GAAGTAGCACGTCTCACTAGTCTCGTG-3’; ATF4, 5'-GTG 
ATAACCTGGCAGCTTCG-3' = and = 5’-GGGGTAACTGTGGCGTTAGA-3’; 
CaMKIIA, 5’-GACCTGGATGCTGACGAAG-3’ and 5'-AGGTGATGGTAGCC 
ATCCTG-3’; p21 (WAP/CIP1), 5’-CCACAGTTGGTCAGGGACAG-3’ and 
5'-CCCTCCCCTCTGGGAATCTA-3’; EGR-1, 5’-GTGCCCACCACTCTTGG 
AT-3' and 5'-CGAATCGGCCTCTATTTCAA-3’; agrin, 5’-TTGTAACCA 
ACAGGGGTTGC-3' and 5’-AGTTGTGGCTAGGGGAGCAC-3’;_ EGR-2, 
5'-GGCTGCAAATCGTTCCTG-3’ and 5’-TCGGAGTATTTATGGGCAGGT-3’; 
glutamate receptor 1 precursor (GluR-1/AMPA 1), 5’-GGAGGAGAGCAGA 
GGGAGAG-3’ and 5'-TTCCTGCAATTCCTTGCTTG-3’; GluR-2 

5'-gcgetgctaaaatcgaatgc-3’ and 5’ -acagagagegecaggcagt-3'; PSD95, 5’-ccccta 
cccctcctgagaat-3' and 5’-gagggeaageagaagettge-3'; homerl, 5’-ctgcctgagtgtcgtg 
gaag-3' and 5'-atgatttcactcgcgctgac-3'; p35, 5'-gagggageecectgage-3' and 5’-gc 
agctagggagcttctgtcc-3’; cdk5, 5’-cgcagectgttggactttgt-3’ and 3’-gcgttgcagagg 
aggtggta-3'; shank3, 5’-ttttccaggtcccagtggtg-3' and 5’-cctgcccacagtgtcactcc-3'; 
SVP, 5’-Ctagcctcccgaatggaatg-3' and 5'-cagcagcagcatcagcaatg-3'; synapsin2, 
5'-ggctttccttccctccacac-3’ and 5'-tgttagcgagggagcagtge-3'; B-actin, 5’-cccatcgcc 
aaaactcttca-3’ and 5’-ggccactcgagccataaaag-3’; GAPDH,  5’-ctcccaggaag 
accctgctt-3’ and 5’-ggaacagggaggagcagaga-3'; ARC, 5'-cagcataaatagccgctget-3' 
and 5'-GAGTGTGGCAGGCTCGTC-3’; Fos, 5'-gaaagcctgggecgtagagt-3’ and 
5'-cctcagctggcgcctttat-3'; CPG15, 5’-gcgagatttcgttgagatcg-3’ and 5'-gggatgacac 
ggattgatttt-3’; SNK, 5’-tttcccacgtccaaagtcag-3' and 5'-gcagcgaagctttaaatacgc-3’; 
NR2A, 5’-tcggcttggactgatacgtg-3’ and 5’-aggatagactgcccctgcac-3'; NR2B, 5’-cct 
taggaaggeeacecttt-3’ and 5’-ggcaattaagggttggettc-3'; tubulin, 5’-TAGAACCT 
TCCTGCGGTCGT-3’ and 5’-TTTTCTTCTGGGCTGGTCTC-3’. 
Immunoprecipitation. For preparation of nuclei, fresh mouse forebrains were 
washed with PBS, homogenized in 0.32 M sucrose, 1 mM MgCl, 0.5 mM CaCl, 
1mM NaHCO; , and then centrifuged at 710g for 10 min to obtain the nuclear 
pellet. The nuclear envelope was removed by the addition of 1% Triton X-100 
and extracted with lysate buffer (1 mM EDTA, 0.5mM EGTA, 10 mM Tris-HCl 
pH 8, 100 mM NaCl, 0.1% sodium deoxycholate, 0.5% N-lauroylsarcosine). All 
buffers contained complete protease inhibitor (Roche Molecular Biochemicals). 
For immunoprecipitation, 2—5 yg of antibody was added to the nuclear lysates 
and incubated for 1 h at 4°C, then 60 ul of Protein G-Sepharose (Product Code 
17-0618-01) (GE Healthcare Bio-Sciences AB) were added and incubated for 4 h. 
Beads were centrifuged at 2,000 r.p.m. (800g) and washed four times with 1 ml of 
RIPA buffer (50 mM HEPES pH 7.6, 1mM EDTA, 0.7% sodium deoxycholate, 
1% Nonidet P40, 0.5 M LiCl). Proteins were eluted with sample buffer (contain- 
ing 1% SDS and 2% 2-mercaptoethanol) and analysed. 

Antibodies used were HDAC1, HDAC2 and mSin3A from Abcam, and MTA- 
2 and CoREST from Upstate Biotechnology. 
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Spatial correlation between submillimetre and 
Lyman-a galaxies in the SSA 22 protocluster 


Yoichi Tamura’”, Kotaro Kohno’, Kouichiro Nakanishi?*, Bunyo Hatsukade’, Daisuke lono*™’, Grant W. Wilson”, 
Min S. Yun?, Tadafumi Takata’, Yuichi Matsuda*, Tomoka Tosaki*, Hajime Ezawa‘*, Thushara A. Perera”, 
Kimberly S. Scott®, Jason E. Austermann?, David H. Hughes®, Itziar Aretxaga®, Aeree Chung”, Tai Oshima’, 
Nobuyuki Yamaguchi*, Kunihiko Tanaka* & Ryohei Kawabe* 


Lyman-g emitters are thought to be young, low-mass galaxies with 
ages of ~10° yr (refs 1, 2). An overdensity of them in one region of 
the sky (the SSA 22 field) traces out a filamentary structure in the 
early Universe at a redshift of z ~ 3.1 (equivalent to 15 per cent of 
the age of the Universe) and is believed to mark a forming proto- 
cluster**. Galaxies that are bright at (sub)millimetre wavelengths 
are undergoing violent episodes of star formation®*, and there is 
evidence that they are preferentially associated with high-redshift 
radio galaxies’, so the question of whether they are also associated 
with the most significant large-scale structure growing at high 
redshift (as outlined by Lyman-a emitters) naturally arises. Here 
we report an imaging survey of 1,100-1m emission in the SSA 22 
region. We find an enhancement of submillimetre galaxies near 
the core of the protocluster, and a large-scale correlation between 
the submillimetre galaxies and the low-mass Lyman-a emitters, 
suggesting synchronous formation of the two very different types 
of star-forming galaxy within the same structure at high redshift. 
These results are in general agreement with our understanding of 
the formation of cosmic structure. 

Many different populations of young star-forming galaxies in the 
early Universe are known, but the relations among them and to the 
cosmic large-scale structure are still not well understood. The mem- 
bers of one of these populations are characterized by their strong 
Lyman-« (Ly) emission (luminosity, Ly. Z 10” ergs — 1, arising 
from ionized gas; their deficiency in ultraviolet continuum emission, 
which is interpreted as having a relatively small stellar component! 
(Moar < 10°Mo, where Mz is the solar mass); and their small size? 
(<1 kpc in diameter). The Lyx emitters towards SSA 22 trace a large- 
scale (~10 arcmin) filamentary structure that extends over several 
tens of megaparsecs (co-moving scale) and which may be the largest 
protocluster yet detected at high redshift’. 

Massive galaxies forming through accretion and mergers of small 
galaxies in such high-density environments are expected to be dust- 
obscured starbursts, which are too faint to detect at optical wavelengths 
but are observed as submillimetre-bright galaxies (SMGs). It is known 
from previous studies that SMGs have molecular gas reservoirs of 
10'!°Mo-10''Mo (ref. 10) for their star-formation activities, suggest- 
ing that they are progenitors of massive elliptical galaxies seen in the 
cores of present-day clusters*"'. Individual ~5-arcmin?-wide, deep 
submillimetre surveys in the direction of powerful, high-redshift radio 
galaxies, which are also believed to trace protoclusters’’, have presented 
tentative evidence for an enhancement in the number density of sub- 
millimetre sources around them’. Although these observations were 


limited in sensitivity and spatial coverage, they support the idea that 
SMGs are related to large-scale structure. To better understand the 
connection between the formation of massive galaxies and large-scale 
structure, we mapped the large-scale distribution of (sub)millimetre- 
bright, dusty starburst galaxies in the SSA 22 protocluster. 

We carried out a wide-area (390-arcmin’) survey of the SSA 22 
field at 1,100 tym using the AZTEC camera’’ mounted on the Atacama 
Submillimeter Telescope Experiment (ASTE)", Chile (see also 
Supplementary Fig. 1). Our AzTEC map (Fig. la), which is more 
than 20 times larger than any of the existing maps at submillimetre 
wavelengths in this field (see, for example, refs 15-17), is wide 
enough to cover the region of the entire protocluster. We have 
detected 30 SMGs with signal-to-noise ratios s/n = 3.5 (a full source 
list is given in Supplementary Table 1). Their intrinsic flux densities 
are in the range 1.9-8.4mJy (1Jy = 10 ~ ergs ‘cm 7Hz_'), cor- 
responding to far-infrared luminosities of Lpyy > 4 X 10'?Lo (where 
Le is the solar luminosity) if we assume an emissivity index of 
f= 1.5, a dust temperature of Tyust = 40 K and that the sources are 
located at z = 2-6. The inferred star-formation rates of the 1,100-um 
sources are ~10°Mo yr’ ', assuming that star formation is the domi- 
nant mechanism that heats the dust. 

The most prominent new finding is that the distribution of the 
brighter (=2.7 mJy) half of the 1,100-t1m sources (15 of the 30, here- 
after termed ‘bright SMGs; Table 1), which suffer little from incom- 
pleteness and false detections (Supplementary Figs 2 and 3), appears 
to be correlated with the high-density region of Lyx emitters*, as seen 
in Fig. 1b. A concentration of bright SMGs ~5 arcmin northwest of 
the field centre is evident. Seven of the 15 bright SMGs (47%) are 
concentrated within a 50-arcmin’ region in the direction that has a 
large-scale filamentary structure of Lyx emitters ~50 Mpc in depth 
(see fig. 1 of ref. 18). The number density over this region is 2-3 times 
higher than those found in blank-field surveys at 1,100 tm (ref. 19). 
Furthermore, the three most significant sources (Gani 4arr 
41%), mJy) are all located close (<4.5 arcmin) to the peak of the 
Lya emitter overdensity. Photometric redshift estimates for the 
SMGs based on their radio and 24-1,100-m flux ratios 
(Supplementary Fig. 4) indicate that they are probably at high red- 
shift (z> 1). The redshift estimates also suggest that some fraction of 
the bright SMGs, including the three most significant sources 
towards SSA 22, can be located at z= 3.1 and may mark the local 
peak of the underlying mass distribution in the protocluster. 

A two-point angular cross-correlation function is often used in 
determining the fractional increase in the probability of finding a 


Department of Astronomy, University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113-0033, Japan. *National Astronomical Observatory of Japan, 2-21-1 Osawa, Mitaka, Tokyo 181-8588, 
Japan. “Institute of Astronomy, University of Tokyo, 2-21-1 Osawa, Mitaka, Tokyo 181-0015, Japan. *Nobeyama Radio Observatory, National Astronomical Observatory of Japan, 
Minamimaki, Minamisaku, Nagano 384-1305, Japan. “Department of Astronomy, University of Massachusetts, Amherst, Massachusetts 01003, USA. °Instituto Nacional de 


Astrofisica, Optica y Electronica, Aptdo. Postal 51 y 216, 72000 Puebla, Puebla, Mexico. 


61 


©2009 Macmillan Publishers Limited. All rights reserved 


LETTERS 


source of one population within a unit solid angle as a function of 
angular distance from a source of another population, relative to a 
random distribution. We use an angular cross-correlation function 
to quantify the degree of cohabitation between the Lyx emitters and 
the bright SMGs. Figure 2 shows the cross-correlation function, 
which reveals strong correlation signals at angular distances less than 
5 arcmin for the bright sample, suggesting close association of the 
Lyo emitters with the bright SMGs that are most probably embedded 
in the more massive dark haloes. Monte Carlo simulations (Supplem- 
entary Information) also show a correspondence between the two 
distributions, at a 97.3% significance level, further supporting the 
positional association of Lyx emitters with bright SMGs. 

The gravitational lensing magnification of background galaxies by 
foreground large-scale structure would immediately preclude the 
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Figure 1| The positions of 1,100-1m sources and Lya. emitters towards the 
SSA 22 protocluster region. a, The colour scale shows the map of signal-to- 
noise ratio at 1,100 um. The map shows 30 sources with signal-to-noise 
ratios =3.5 (circles). Observations of SSA 22 (field centre at 

RA = 22h 17 min 36s, dec. = +0° 15’ 00’’ (J2000)) were obtained using the 
AzTEC camera’’, operating at 1,100 um, mounted on the ASTE 10-m 
submillimetre telescope’ during the July-September 2007 observing season. 
The data consist of a total of 42 h of integration time on source under 
excellent conditions (zenith atmospheric opacity at 220 GHz, 

1220 GHz = 0.01-0.10). This resulted in a root-mean-square noise level of 
0.68-0.99 mJy per beam over 390 arcmin’. The point spread function of 
AzTEC on ASTE has a full-width at half-maximum of 28 + 1 arcsec. b, The 
locations of the bright submillimetre galaxies with S199 jm 2 2.7 mJy 
(orange filled circles) and the Lyx emitters at z = 3.1 (white dots). The sizes 
of the orange circles are proportional to their 1,100 um fluxes. The number 
density field of the Lyx emitters is shown in the colour scale, highlighting the 
density enhancement of the Lyx emitters, which is thought to trace out the 
underlying large-scale structure at z = 3.1. 
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Table 1| The bright SMG sample found in SSA 22 


Source name Coordinate (J2000) Flux density (mJy) s/n 
RA (h:min:s) Dec. Scbservad™ Sdeboostt 
SSA22-AzTEC1 22173242 +0° 17355" 8.7 207 8.4708 12.8 
SSA22-AzTEC2 22:17A238 +0°16'°59.3" AG+tO07 4.4108 7.2 
SSA22-AzTEC3 22:17:18.85  +0° 18’ 0.0" 4.7+0.7 ant 6.8 
SSA22-AzTEC4 22:18:14.37 +0°9' 53.1" 5.6+0.9 Aghe 6.2 
SSA22-AzTEC5 22:17:10.77  +0°14°118" 40207 330te 5.6 
SSA22-AzTEC6 22:17:20.07 +0° 20° 11.0" 40207 a3nle 5.6 
SSA22-AzTEC7 22:17:40.82 +0°12'476" 3.6+0.7 eFlaur 5.2 
SSA22-AzTEC8 22:18:5.65 +0° 6' 42.0" 49+ 1.0 3.9415 5.0 
SSA22-AzTEC9 22:17:5440 +0°19'295" 362407 29708 5.0 
SSA22-AzTEC10 =. 22:17:34.03.  +0°13' 46.8’" 34+0.7 2.8703 4.8 
SSA22-AzTEC11 = 22:17:29.64. +0°20'244'" 3340.7 272 02 47 
SSA22-AzTEC12 = 22:17:36.04 +0° 4’ 0.2" 40+0.9 sae 45 
SSA22-AzTEC13 2218595 +0°11' 419" 33207 278 45 
SSA22-AzTEC14 22:17:0.34  +0°10' 426" 3.7409 27018 4.2 
SSA22-AzTEC15 =. 22:16:57.60 +0°19'22.8'" 41+1.0 2.9014 4.2 
A full list of the 30 submillimetre galaxies is given in Supplementary Table 1. The astrometric 
accuracy of the catalogue is ~10 arcsec. 
* Observed flux density before flux bias correction, plus the 1¢ error. 
+ Deboosted flux density (flux density corrected for the flux bias due to confusion noise using the 


method described elsewhere*®), plus the 68% confidence interval. 


physical connection between the galaxies and the foreground struc- 
ture. Some authors”?! have reported correlations between bright 
(sub)millimetre sources and optically selected low-redshift galaxies 
(mostly at z< 1) in other regions of the sky. In general, SMGs are 
often found at high redshift (median, z = 2.2; ref. 22), and the maximal 
gravitational lensing magnification for a background galaxy at z = 2 
occurs when the foreground lensing structure is at z~ 0.5. Therefore, 
they concluded that the correlation signal is most probably the result of 
amplification of background SMGs due to gravitational weak lensing 
by the foreground low-redshift galaxies. By contrast, the origin of the 
correlation signals in SSA 22 is most likely intrinsic to the large-scale 
structure in which both populations, SMGs and Ly emitters, are 
embedded. Because the redshift estimates for the SMGs place them 
at distances coeval with the Lya emitters, it is unlikely that the correla- 
tion seen in SSA 22 is due to amplification of a much higher-redshift 
(z>> 3.1) SMG population lensed by the structure traced by the Lyx 
emitters, which are all located at z= 3.1 (not z~ 0.5). 
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Figure 2 | Angular cross-correlation between submillimetre galaxies and 
Lya emitters. The two-point angular cross-correlation function shown here 
is computed for the 166 Lyx emitters and the 15 brightest 

(Sj,100 pm = 2.7 mJy) submillimetre galaxies (orange circles). For reference, 
we also show the two-point angular autocorrelation function for the SSA 22 
Ly-« emitters (blue squares). Small-number statistics prevent us from 
constraining the auto-correlation function well for the submillimetre 
galaxies. The correlation functions are computed using the estimator of ref. 
29. The error bars are estimated from the root mean square of 1,000 
bootstrap samples. See Supplementary Information for details. 
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We do not detect the dust emission from individual Lyx emitters at 
the sensitivity of our 1,100-j1m observations. This is a strong indication 
that SMGs and Lyo emitters are different populations, even though the 
Lya emitters are spatially correlated with the SMGs. Of the 166 Lyx 
emitters within our 1,100-1m coverage, none are within the 2¢ error 
circle (~26-arcsec diameter for 3.5<s/n<4.5 and <20arcsec for 
s/n > 4.5) ofan SMG; on average, we expect 2-3 SMGs to havea chance 
to be associated with a Lyx emitter in AzTEC’s 28-arcsec beam if 30 
SMGs and 166 Ly emitters are randomly scattered in the 390-arcmin* 
region of our survey. To estimate the dust mass ofa typical Lyx emitter 
in SSA 22, we stack the 1,100-11m images on the positions of the 166 
Lyo emitters. We see no dust emission above 107 wy (20) at 1,100 um, 
and derive limits on far-infrared luminosity of [pyr < 1.9 X 10'' Le 
and Lrg <1.7X107Le for f=1.5 and, respectively, Taust = 40K 
and Tyus: = 70K. These luminosities correspond to respective dust 
masses of Maust < 1.4 X 10’7Mo and Maust < 5.8 X 10°Mo, assuming 
a dust emissivity of Kg50 jm = 0.15 m’ kg! (ref. 23). This limit is 3-40 
times lower than the dust masses previously derived™*” for Ly 
emitters at z= 6.5. Of course, the result from a simple stacking analysis 
cannot strongly constrain the dust properties of the Lyx emitter popu- 
lation. Nevertheless, this limit is 1-2 orders of magnitude lower than 
the average dust mass found in the population of SMGs, supporting the 
argument that Ly emitters are on average less dust obscured' than 
SMGs. 

These results provide evidence in favour of the synchronous 
formation of two very different types of high-redshift star-forming 
galaxy, SMGs and Lyx emitters, within the same cosmic structure. 
Although the formation process of SMGs is not yet fully understood, 
the observational evidence shown here suggests that they may form 
preferentially in regions of high mass concentration, which is con- 
sistent with predictions from the standard model of hierarchical 
structure formation”®’’: we are presumably observing a galaxy- 
formation site where large-scale accumulation of baryonic matter 
is occurring within the large dark matter halo. Millimetre/submilli- 
metre interferometric identifications followed by accurate measure- 
ments of the SMG redshifts will allow us to investigate this further. 
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A large iron isotope effect in SmFeAsO, _ ,F, and 


Ba, _ xK,Fe2As> 
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The recent discovery of superconductivity in oxypnictides with a 
critical transition temperature (T;) higher than the McMillan limit 
of 39 K (the theoretical maximum predicted by Bardeen—Cooper— 
Schrieffer theory) has generated great excitement’. Theoretical 
calculations indicate that the electron-phonon interaction is not 
strong enough to give rise to such high transition temperatures’, 
but strong ferromagnetic/antiferromagnetic fluctuations have been 
proposed to be responsible”. Superconductivity and magnetism in 
pnictide superconductors, however, show a strong sensitivity to the 
crystal lattice, suggesting the possibility of unconventional elec- 
tron—phonon coupling. Here we report the effect of oxygen and 
iron isotope substitution on Tc and the spin-density wave (SDW) 
transition temperature (Tspw) in the SmFeAsO,_,F, and 
Ba, — ,K,Fe,As, systems. The oxygen isotope effect on Tc and 
Tspw is very small, while the iron isotope exponent a@c = —dInT(/ 
dlnM is about 0.35 (0.5 corresponds to the full isotope effect). 
Surprisingly, the iron isotope exchange shows the same effect on 
Tspw as Tc. This indicates that electron-phonon interaction 
plays some role in the superconducting mechanism, but a simple 
electron-phonon coupling mechanism seems unlikely because a 
strong magnon-—phonon coupling is included. 

Recent inelastic neutron scattering measurements on 
Ba, — ,K,Fe,As, (x= 0 and 0.4) provide evidence for the presence 
of magnetic excitations'®"’, suggesting that spin fluctuation may be 
important in the mechanism of superconductivity. However, pho- 
nons couple selectively to the spin system’*. The structural transition 
from tetragonal to orthorhombic is driven by the antiferromagnetic 
SDW order’, and the antiferromagnetic SDW exists only in the 
orthorhombic structure'*’’. The pressure coefficient of Tc, dTc/ 
dP, changes from positive to negative with a crossover from ortho- 
rhombic to tetragonal symmetry for the superconducting phase". 
The superconductivity and spin-density wave coexist in the ortho- 
rhombic structure'*'®'’, These results indicate remarkable sensiti- 
vity of superconductivity and magnetism to the lattice. 

We synthesized isotopically substituted polycrystalline samples 
with nominal compositions SmFeAsO,_.F, (x=0, 0.15) and 
Ba, — ,K,Fe2As, (x= 0, 0.4) by conventional solid-state reaction as 
described in refs 5 and 17, respectively. Figure 1 shows the Raman 
spectra for the samples SmFeAsO, — ,F,,by replacing '°O with '*O, and 
for the samples SmFeAsO, — ,F,,and Ba, — ,.K,Fe,Asy by replacing *°Fe 
with the isotope **Fe. The frequency shift of 4.2% and 4.5% for the E, 
mode of oxygen!® around 420 cm ' suggests about 71% substitution 
of '80 for '°O in the x= 0 sample, and 77% for the x = 0.15 sample. 
The Raman shift of about 1.7% we observed in the four samples for the 
B,, mode ofiron'* indicates almost 100% >4Fe substitution for °°Fe for 
the two systems. These data are listed in Table 1. 


The temperature dependence of resistivity p and its derivative dp/ 
dT for typical samples SmFeAsO, — ,F, on replacing '°O with the 
isotope '*O are shown in Fig. 2. Tc and Tgpw are listed in Table 2 
for all samples from different batches. We calculated the isotope 
exponent a for the superconducting transition using 
% = —dInT,/dInM to be —0.06(1). To compare quantitatively the 
isotope effect on Tspw with that on To, we also define an isotope 
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Figure 1| Raman spectra at room temperature for the 

SmFeAsO, _ ,F, (x = 0 and 0.15) and Ba, _ ,K,FezAs> (x = O and 0.4) 
samples. a, SmFeAsO, _ ,F, (x = 0 and 0.15) with "O and '°O. b, As a with 
5°Fe and *“Fe. ¢, Ba, _ ,K,Fe As, (x = 0 and 0.4) with *°Fe and *‘Fe. The 
mode around 420 cm _‘ is ascribed to the E, mode of oxygen and the mode 
around 210cm_ ! is assigned to the B,, mode of Fe (ref. 18). 
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Table 1| Raman shifts indicate good extent of isotopic substitution 


LETTERS 


Table 2 | Iron isotope effect on Tspw and T;. 


@o (cm *) "0 mae) Awo 80 (%) Tspw ie) #O ATspw uspw 
SmFeAsO 418.6 401.2 =174 rel SmFeAsO 130.00(5) 130.80(5) 0.80(10) —-—0.07(1) 
SmFeAsQo asFo.s 425.5 406.5 -19 77 130.10(5) 130.60(5) 0.50(10) —0.04(1) 
130.10(5) 130.60(5) 0.50(10) —0.04(1) 
re (cm *) Fe Fe Ake 4Fe (%) 
—0.05(1) 
SmFeAsO 208.0 211.5 3.5 92 Gyerec 
SmFeAsQo asFo.s 210.6 214.4 3.8 98 
BaFe2As> 207.8 211.3 3.5 92 Tspw 56Fe S4Fe ATspw ospw 
Bao.sKoaFeaAs, = “_ oH ae SmFeAsO 130.00(5) 131.90(5) 1.90(10) 0.41(2) 
Shown are the Raman shifts of the E, mode of oxygen (@o) and the B;, mode of iron (a.) in the 130.10(5) 131.80(5) 1.70(10) 0.37(2) 
SmFeAsO, _ ,F, (x = 0, 0.15) samples with natural abundance oxygen "O and '80, and in the 0.39(2) 
SmFeAsO, _ ,F, (x = 0, 0.15) samples and Ba; _ ,K,Fe2As> (x = O, 0.4) samples with °*Fe and (average) 
°°Fe respectively. To calculate the '°O and “Fe isotopic contents we assumed the Raman shift 
to be proportional to 1 — (16/M')"”? for the substitution of "80 for "O and proportional to BaFezAsz 137.00(5) 138.90(5) 1.90(10) 0.39(2) 
1— (55.93/M’)"”? for the substitution of “Fe for °°Fe, respectively. For the calculation, we used 137.10(5) 138.95(5) 1.85(10) 0.38(2) 
the following molar masses M’ for isotope exchange: 53.93 g for °“Fe and 55.93 for *°Fe, and 137.10(5) 138.70(5) 1.60(10) 0.33(2) 
16g for "O and 18g for '°O. ” : ’ : 
0.36(2) 
ec (average) 
exponent &spw = —dInTspw/dInM for the SDW transition although 
no theory is yet established for the isotope effect on the magnetic Te "0 *O ATc ac 
phase transition. We obtained %gpw = —0.05(1). These results indi- — SmFeAsOogsFo1s 39.80(2)  40.10(2) 0.30(4)  —0.08(1) 
cate that the oxygen isotope effect on Tc and Tspw is very small. 41.7072) 41.85(2)—-0.15(4)_— —0.04(1) 
The temperature dependence of resistivity and its derivative for ee) ey ee 
aan 41.50(2) 41.70(2) 0.20(4) + —0.05(1) 
typical samples SmFeAsO, _ .F,, and Ba, — ,.K,Fe,As, when *’Fe is 
substituted for °°Fe is shown in Fig. 3. An increase in Tc is observed 0061) 
‘ aoe : (average) 
in the resistivity measurements, and dp/dT shows an increase of the 
SDW transition when *“Fe is substituted for °°Fe. The average results Te “Fe “Fe ATc % 
for several different samples are listed in Table 2. The average usnw — SmFeAsOogsFo1s 41.40(2) 41.90(2) 0.50(4) —-0.34(3) 
values for several samples of SmFeAsO and BaFe2As; are 0.39(2) and 40.90(2) 41.40(2) 0.50(4) —(0.34(3) 
0.36(2), and the average oc values for several samples of 0.34(3) 
SmFeAsOp.95Fo,;5 and BagKo.4Fe2.As, are 0.34(3) and 0.37(3). (average) 
Bao.¢Ko.4Fe2Aso 37.30(2) 37.80(2) 0.50(4) 0.38(3) 
37.30(2) 37.82(2) 0.52(4) 0.39(3) 
0.12 rx =0 = 37.40(2) 37.86(2) 0.46(4) 0.35) 
i) 0.37(3) 
Gq 
E (average) 
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Figure 2 | Temperature dependence of resistivity p and its derivative dp/ 
dT for the SmFeAsO, _ ,F, samples with "O and ‘80. The peak in the 
derivative is considered to be the transition temperature. The peak 
temperature in dp/dT corresponds to mid-transition temperature for the 
superconducting transition. An anomalous peak at about 147 K in resistivity 
is associated with the structural transition for the x = 0 sample, and the peak 
temperature in dp/dT is very close to the SDW ordering temperature 
observed by neutron scattering”. 


Shown are Tspw and Tc, and their shifts (ATspw and AT¢) and a&spw and ac for the 
SmFeAsO, _ ,F, samples with natural abundance oxygen "O and '80, and *°Fe and >“Fe, and for 
the Ba, — ,K,Fe2As2 samples with °Fe and °°Fe, respectively. We calculated isotope exponents 
using « = —dInT/dinM, where M is the atomic mass. To guarantee that the intrinsic isotope 
effect is what is being measured, isotope back-exchange is usually used: the transition should 
return to that before isotope exchange. In our case, there is no way of carrying out the isotope 
back-exchange experiment. To obtain the intrinsic isotope effect, we prepared several batches 
of samples to check that the results are reproducible from sample to sample. Although T¢ varies 
slightly from batch to batch for SmFeAsOg gsFo15, the Tc shift caused by isotope exchange is 
nearly the same for all batches. Tc for the sample Bag gKo.4Fe2Asz is very stable and nearly 
independent of batches. In the calculation the molar masses used are the same as used in Table 1 
except for '80, reduced to 17.42 g and 17.54 g because the isotope replacement was only 71% 
and 77%. The error bar for the temperature determination is equal to the step temperature in 
the temperature sweep: 0.02 K for Tc and 0.05 K for Tspw in the resistivity measurements, 
respectively. 


These values are comparable to 0.5 for the full isotope effect in the 
framework of BCS theory and indicate a strong iron isotope effect on 
Tc and Tspw. This implies that the electron-phonon interaction 
should play an important role for the superconducting mechanism. 
We note that %< and &spw for Tc and Tspw are almost the same for 
the two systems, and much larger than the oxygen isotope exponents. 

Isotope effect studies require well-characterized samples with repro- 
ducible crystal chemistry properties. We found that Tspw is insensitive 
to the sample processing for the parent compounds. However, because 
the F content is not easy to control, T¢ for the SmFeAsOg 5Fo,15 sample 
is sensitive to the sample processing. A detailed description of the 
synthesis procedure we used to ensure the same F content is given in 
the Supplementary Information. No difference in the lattice constants 
(see Supplementary Fig. $1) provides strong evidence for the same F 
content for isotope exchange. To confirm that the observed results are 
intrinsic instead of an impurity effect, we checked whether Tc and 
Tspw differ for the Ba; — ,K,Fe,As. samples using natural abundance 
iron ("Fe) with 99.9% purity and *°Fe with 99.78% purity. Tspw and 
Tc are nearly the same for the samples with "Fe and °°Fe (see 
Supplementary Fig. $3). We synthesized the Bag ¢Ko.4Fe2As samples 
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Figure 3 | Temperature dependence of p and dp/dT for the 

SmFeAsO, _ ,F, and Ba, _ ,K,Fe2As2 samples isotopically substituted with 
56Fe and *“Fe. a, SmFeAsO, _ ,F, with x = 0. b, SmFeAsO, _ ,F, with 

x= 0.15. ¢, Ba; — ,.K,Fe,As> with x = 0. d, Ba; — ,K,Fe2As> with x = 0.4. To 
determine the transition temperature accurately, we took the derivative of 
the resistivity, and the peak in the derivative is considered the transition 
temperature. The peak temperature in dp/dT for the SDW is very close to the 
ordering temperature observed by neutron scattering’. We deduced a and 
&spw to be 0.34(3) and 0.37(2) for the SmFeAsO, _ ,F, samples with x = 0.15 
and 0, respectively. For a typical sample of BaFe2Asz, the resistivity anomaly 
around 145 K arises from the structural and SDW transition™. For a typical 
superconducting sample of Ba, — ,.K,Fe,As, with x = 0.4, the onset 


transition occurs around 39 K. We found %& and &spw to be 0.38(3) and 


using "Fe with 98% and 99.9% purity to determine the effect of 
impurity on Tc. The difference of Tc for the two samples is 0.07 K 
(see Supplementary Fig. $4), indicating that the effect of impurity on 
Tcis very small, and does not affect the intrinsic isotope effect observed 
in Table 2. 

We emphasize that iron isotope exchange has a strong effect on the 
SDW state. Substitution of *“Fe for °°Fe leads to a remarkable 
decrease in resistivity below the SDW ordering temperatures with a 
large &spw for the two systems, suggesting a strong magnon—phonon 
coupling. A giant oxygen isotope effect has been observed in magne- 
toresistive La; — ,Ca,MnO3 4 ,, and the isotope exponent opm for 
ferromagnetic transition is as high as 0.85 (ref. 19). This large isotope 
shift is believed to arise from coupling of the charge carriers to Jahn— 
Teller lattice distortions’. In pnictide superconductors, the strong 
sensitivity of superconductivity and magnetism to the lattice may be 
responsible for the large isotope effect. These results indicate that the 
electron-phonon interaction is important in the superconducting 
mechanism, but the strong magnon—phonon coupling must also be 
considered. 

The iron isotope effect on Tspw and Tc is much larger than the 
oxygen isotope effect in pnictide superconductors. The reason could 
be that the iron—arsenide plane is the conducting layer and thus 
responsible for the superconductivity, and the SDW ordering origi- 
nates from the Fe moment. For the MgB, superconductor, no mag- 
netic correlation is included and the superconductivity can be 
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0.39(2) for the Ba, — ,.K,Fe As, samples with x = 0.4 and 0, respectively. To 
confirm the results from resistivity measurements, we measured the 
susceptibility for the same samples (see Supplementary Fig. S2). The shift of 
Tc and Tspw determined from susceptibility measurements due to iron 
isotope exchange is consistent with that obtained from the resistivity 
measurements. A remarkable difference in resistivity is observed below the 
SDW transition between the x = 0 samples with *°Fe and **Fe for the 
SmFeAsO, — ,F, and Ba; — ,.K,FeAs) systems. As shown in the insets of 
Fig. 3a and c, the resistivity decreases by about 28% for the SmFeAsO sample 
and by about 35% for the BaFe,As, sample at 10 K owing to iron isotope 
exchange, suggesting that iron isotope exchange has a strong effect on the 
SDW state. 


understood within BCS theory with % = 0.32 (ref. 20). In the copper 
oxides, the isotope effect on Tc is sensitive to doping level. The effect 
is vanishing at optimum doping, but increases systematically with 
decreasing doping level to a maximum at the border to the antifer- 
romagnetic state*'”’. It thus seems that the isotope effect is related to 
magnetic fluctuation. Such unconventional isotope effects dem- 
onstrate that the electron-phonon interaction is also important in 
the physics of copper oxides. Sorting out the interplay between the 
lattice and magnetic degrees of freedom is a key challenge for our 
understanding the mechanism of high-T. superconductivity. 
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Force-induced activation of covalent bonds in 
mechanoresponsive polymeric materials 


Douglas A. Davis’, Andrew Hamilton’, Jinglei Yang*+, Lee D. Cremar’, Dara Van Gough’, Stephanie L. Potisek’, 
Mitchell T. Ong’, Paul V. Braun'**, Todd J. Martinez'*+, Scott R. White®”, Jeffrey S. Moore’** & Nancy R. Sottos** 


Mechanochemical transduction enables an extraordinary range of 
physiological processes such as the sense of touch, hearing, balance, 
muscle contraction, and the growth and remodelling of tissue and 
bone’®. Although biology is replete with materials systems that 
actively and functionally respond to mechanical stimuli, the default 
mechanochemical reaction of bulk polymers to large external stress 
is the unselective scission of covalent bonds, resulting in damage or 
failure’. An alternative to this degradation process is the rational 
molecular design of synthetic materials such that mechanical stress 
favourably alters material properties. A few mechanosensitive poly- 
mers with this property have been developed*™; but their active 
response is mediated through non-covalent processes, which may 
limit the extent to which properties can be modified and the long- 
term stability in structural materials. Previously, we have shown 
with dissolved polymer strands incorporating mechanically 
sensitive chemical groups—so-called mechanophores—that the 
directional nature of mechanical forces can selectively break and 
re-form covalent bonds'*'’. We now demonstrate that such force- 
induced covalent-bond activation can also be realized with 
mechanophore-linked elastomeric and glassy polymers, by using 
a mechanophore that changes colour as it undergoes a reversible 
electrocyclic ring-opening reaction under tensile stress and thus 
allows us to directly and locally visualize the mechanochemical 
reaction. We find that pronounced changes in colour and fluor- 
escence emerge with the accumulation of plastic deformation, indi- 
cating that in these polymeric materials the transduction of 
mechanical force into the ring-opening reaction is an activated 
process. We anticipate that force activation of covalent bonds can 
serve as a general strategy for the development of new mechano- 
phore building blocks that impart polymeric materials with desir- 
able functionalities ranging from damage sensing to fully 
regenerative self-healing. 

We created mechanoresponsive synthetic polymeric materials by 
directly linking force-activated mechanophores into the polymer 
chains of bulk polymers or by using the mechanophores as cross-links 
(Fig. 1). The mechanophore motif must efficiently transfer external 
force to a relatively small number of specific bonds in the bulk poly- 
mer, with this mechanochemical activation depending critically on 
the molecular structure of the mechanophore and the attachment 
points to the polymer chains. To demonstrate directly that external 
forces can locally activate a mechanophore linked into elastomeric or 
glassy polymer solids, we first selected a mechanophore with the 
potential to undergo a force-induced, 6-1 electrocyclic ring-opening 
reaction'’ that is accompanied by a colour change (Fig. 1a). The 
selected molecule is well-characterized and exhibits both thermo- 
and photochromic responses'® that reversibly transform a closed, 


colourless spiropyran form to a highly coloured, planar merocyanine 
structure through rupture of the spiro carbon-oxygen (C—O) bond. 
The increased conjugation of the merocyanine form shifts the absorp- 
tion to longer wavelengths, thus giving rise to visible colour and fluor- 
escence. The spiro C—O bond is the critical point for mechanically 
induced activation, and there are many possible attachment points on 
the spiropyran that differ in their ability to transmit force efficiently 
across the junction (Fig. la). Simple mechanical models indicate that 
attachment on opposing sides of the spiro-junction, specifically 
positions 5’ or 6’ of the indole side and positions 7 or 8 of the benzo- 
pyran side, preferentially stresses the spiro C—O bond over the spiro 
C-C bond. 

We selected positions 5’ and 8 as the attachment points and func- 
tionalized them with «-bromo or methacryloyl esters for subsequent 
polymerization by single-electron-transfer living radical polymeriza- 
tion’? or suspension radical polymerization, respectively (Fig. 1b, 
structures 1 and 4). We prepared control structures to determine 
whether the observed colour change was dependent on linking 
through the spiro-junction or was the result of other factors, such 
as localized heating or radical generation from polymer chain cleav- 
age during mechanical deformation’. The monofunctional control 
lacked the polymer chain attached to the indole portion (Fig. Ic, 
structures 2 and 5), precluding the transfer of any substantial force 
into the spiropyran. A difunctional control (Fig. 1c, structure 3) with 
a structure closer to the purported mechanophore was prepared by 
placing the spiropyran in the centre of the polymer chain, but with 
polymer chains linked only to one side of the spiro-junction. This 
placement allowed the transfer of force to the spiropyran, but not to 
the spiro-fused C—O bond specifically. 

We modelled the effect of external force on the mechanophore 
(Fig. 2a) with both first-principles steered molecular dynamics”! 
and constrained optimization (COGEF)™ simulations, and using 
truncated (t) as well as extended (e) models of the mechanophore 
unit 1 (insets to Fig. 2c and d, see also Supplementary Figs S6 and S7). 
The results of dynamics simulations using density functional theory 
(DFT) are shown in Fig. 2b for mechanophore model It and difunc- 
tional control model 3t. The C—O distance at the spiro bond is plotted 
as a function of time for a variety of applied forces, ranging from 2 to 
3 nN. For It, scission occurred exclusively at the C—O bond for all 
applied forces investigated within this range (Supplementary Video 
$2). For 3t, no C—O bond rupture was observed on the indicated 
timescale (Supplementary Video S3). 

The origin of this behaviour was further explored using the COGEF 
procedure at the DFT level (Fig. 2c). For It, the potential energy of 
the molecule rose as the distance between the attachment points 
increased, leading to a reaction activation barrier of 2.3eV at an 
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elongation of 17%; further elongation of the molecule to 20% ruptured 
the spiro C—O bond. In contrast, 3t showed no C—O bond rupture at 
20% elongation and the activation barrier increased to 3.7 eV at an 
elongation of 24%; further elongation finally caused rupture of the 
N-H bond. In the case of the extended models, the DFT COGEF 
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Figure 1| Chemical structures and bulk polymeric samples. a, Schematic 
diagram of ‘dog bone’ specimens prepared from linear 80 kDa PMA. Upon 
application of tensile force, a hypothesized conversion between the 
colourless spiropyran and coloured merocyanine forms of the 
mechanophore occurs. Exposure to visible light reverses the conversion back 
to the original spiropyran form. b, The polymer connectivity of spiropyrans 
1 and 4 is across the spiro-junction, and therefore these materials are 
expected to be mechanically active. c, Materials derived from spiropyrans 
2, 3 and 5 serve as controls, since the polymer connectivity does not include 
the spiro-junction. Spiropyrans functionalized with «-bromo esters were 
used to initiate single-electron-transfer living radical polymerization and 
incorporate a single spiropyran in the middle (1, 3) or at the end (2) of the 
polymer chain. Spiropyrans functionalized with methacryloyl esters 

(4, 5) were copolymerized with methyl methacrylate in aqueous suspension 
to form PMMA beads incorporating spiropyrans at cross-linked junctions 
(4) or as pendant groups (5). 


energy profiles for le (Fig. 2d) again showed spiro C—O bond rupture, 
whereas the difunctional control molecule 3e underwent a bond 
rupture at one of the side chains that does not lead to a colour change. 
Rupture of this side chain required more energy than that needed to 
activate le. Thus, the COGEF calculations predicted selective spiro 
C-O bond rupture for the 1t as well as the le models. Semi-empirical 
calculations were in good agreement with DFT for both the truncated 
and extended models (Supplementary Figs S9 and $12), justifying their 
use in longer-lasting dynamics simulations to explore the effects of 
lower applied forces. 

Experimentally, mechanochemical transduction was demonstrated 
for an elastomeric mechanophore-linked poly(methyl acrylate) 
(PMA) and a glassy mechanophore cross-linked poly(methyl meth- 
acrylate) (PMMA). Elastomeric materials consisted of 1, 2 or 3 poly- 
merized into PMA, resulting in a single mechanophore per chain. 
Polymer samples were heat moulded into a “dog bone’ shape, which 
was loaded either monotonically or cyclically under displacement 
control while monitoring the applied stress (Fig. 3a). Glassy materials 
consisted of solutions of 4 and 5 in a methyl methacrylate suspension 
copolymerized using benzoyl peroxide and N,N-dimethylaniline to 
give 100-500 jim diameter beads (Fig. 4a). These PMMA beads were 
compressed with a stepper actuator coupled to a load cell, which 
allowed for strain rate control while monitoring the resulting stress. 

The active mechanophore-linked PMA (PMA-1-PMA), the mono- 
functional control (PMA-2), and the difunctional control (PMA- 
3-PMA) specimens were tested to failure under monotonic tensile 
loading. An intense colour change occurred in the active specimen 
(the absorption band is in the 550-590 nm range; Supplementary 
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Figure 2 | First-principles dynamics and constrained optimization models 
of mechanical activation. a, Truncated model of spiropyran showing the 
pulling directions (mechanophore tt, red arrows; control 3t, blue arrows). 
The extended model includes ester chains in place of the H atoms (see inset 
of d). b, Steered molecular dynamics for the truncated mechanophore and 
control. The C—O bond distance is plotted versus time at 2, 2.5 and 3 nN, as 
shown. ¢, Potential energy versus percentage elongation for the truncated 
models (1t and 3t) calculated at the DFT level. Elongation, the distance 


between the pulled H atoms, is increased systematically and all other 
geometric coordinates are optimized at each point. Bond rupture occurs at 
the highlighted spiro C-O and N-H bonds for 1t and 3t, respectively. 

d, Potential energy for the extended models (1e and 3e) calculated with DFT. 
Elongation is the distance between the terminal H (instead of Br in 1 and 
3) atoms on the side chains. Rupture for Te and 3e occurs at the highlighted 
C-O spiro and C-C ester bonds, respectively. 
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Figure 3 | Mechanochromic response of mechanophore-linked PMA 
elastomer under tensile loading. a, Schematic of tensile loading direction. 
Optical images of active PMA-1-PMA, monofunctional control PMA-2, and 
difunctional control PMA-3-PMA specimens before testing and after failure 
in monotonic tension. b, Accumulation of plastic (unrecovered) strain and 
relative change in green intensity for active PMA-1-PMA and 
monofunctional PMA-2 control samples after each loading cycle in a fatigue 
test. c, Optical images of an active PMA-1-PMA specimen acquired after the 
loading cycles indicated in b and just after failure. For comparison, a failed 
monofunctional PMA-2 control sample subjected to the same cyclic loading 
regimen is included (lower right). Scale bars in a and ¢ are 2mm. 


Fig. S17), whereas no colour change was observed in the monofunc- 
tional or difunctional controls (Fig. 3a). The mechanically induced 
colour change could be reversed after approximately 6 h of exposure 
to fluorescent room light. 

We further evaluated the evolution of the colour change in the 
active PMA-1-PMA by a cyclic loading regime, in which increasing 
levels of strain were applied with each cycle (Supplementary Figs $3 
and S4) causing plastic (unrecovered) strain to accumulate during the 
testing time frame. Digital images of the gauge section were acquired 
after each cycle, and the change in the RGB (red, green, blue) colour 
ratios was analysed as described in Supplementary Fig. $14. 

The representative images of the active PMA-1-PMA samples 
undergoing cyclic loading in Fig. 3c reveal the emergence of red colour 
with increasing plastic deformation. The corresponding relative 
change in the green channel intensity is plotted in Fig. 3b as a function 
of the accumulated strain at the end of each loading cycle. The active 
PMA-1-PMA shows a nearly monotonic reduction in the relative 
green intensity after reaching a plastic strain level of 200%. In contrast, 
the monofunctional control PMA-2 exhibited no change in the green 
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intensity level throughout the loading regime. After reaching a strain 
level of just over 1,000%, the active PMA-1-PMA failed, leaving an 
intense red colour throughout the entire gauge section. An image of 
the failed monofunctional control PMA-2 sample is also included in 
Fig. 3c for comparison. The lack of activation in the control samples 
provides strong evidence that the colour change is induced solely by 
the application of mechanical force, rather than by temperature 
change or photolytic activation (Supplementary Table S1). 

We adapted a compressive loading configuration (Fig. 4a) for the 
glassy, mechanophore cross-linked PMMA-4 and corresponding 
monofunctional PMMA-5 control beads. Although compressive 
stresses (o,) develop in the bead parallel to the loading direction 
(X,), significant tensile stresses (a2) are induced perpendicular to 
the loading direction (X,). Elastic predictions*>”® of the o stress field 
on the equatorial plane of a compressed bead are plotted along the X, 
axis in Fig. 4b, and a more detailed stress analysis is included in the 
Supplementary Information. The maximum tensile stress develops in 
the centre of the bead (r= 0) and reaches a value of 0.6 of the mag- 
nitude of the applied compressive stress (o,). Hence, compressive 
loading generates tensile stresses that are expected to activate 
mechanophore 4 in this configuration. For this specimen geometry, 
we characterized mechanochemical activation by analysis of the rela- 
tive change in RGB intensity during loading (Supplementary Video 
S7) and the relative change in fluorescence after testing. 

The evolution of a mechanochemically induced colour change in 
the active cross-linked PMMA-4 bead is shown in Fig. 4a and c for a 
representative compression test. The colour change emerges in the 
centre of the bead at a strain level just beyond the yield point. The 
corresponding fluorescence intensity, as measured by confocal laser 
scanning microscopy, is plotted across the equatorial plane in Fig. 4b. 
The maximum fluorescence intensity at the bead centre correlates 
with the predicted tensile stress distribution (just before yield) in 
the same plane. No detectable change in colour or significant fluor- 
escence was observed for the monofunctional control PMMA-5 beads 
(Supplementary Fig. $18). As with the mechanophore-linked PMA, 
the evolution of colour in the active cross-linked bead corresponds to 
a reduction of the relative green channel intensity, and the colour 
(and fluorescence) intensifies with accumulation of plastic strain. The 
colour change in the glassy PMMA is more stable than in PMA and 
remains after several weeks of exposure to fluorescent room light. 

To explore further the relationship of colour change with the onset 
of yielding, we characterized the threshold stress and strain levels 
required to produce colour change in the active cross-linked 
PMMa~-4 beads over a range of strain rates. As shown in Fig. 4d, the 
yield stress and threshold stress both increased linearly with the natural 
log of the strain rate, while the threshold strain remained nearly con- 
stant. This relationship between threshold stress, yield stress and strain 
rate indicates that the mechanochemical reaction in the bulk polymer 
may be a strain-activated rate process”. With plastic flow above a 
strain threshold, activation of the mechanophore-linked polymer is 
achieved, and a colour signature is obtained. 

We have shown that routinely encountered loads and strain rates 
are sufficient to trigger covalent bond changes with appropriately 
designed mechanophores. The spiropyran mechanophore can func- 
tion as a molecular force sensor, providing visible detection and 
mapping of mechanical stresses within bulk polymeric materials. 
We expect that the spiropyran mechanophore will serve as a molecu- 
lar probe to aid in understanding the effects of stress and damage on 
polymeric materials, providing an opportunity for assessment, modi- 
fication and improvement before catastrophic failure. Overall, the 
mechanophore motif is general and capable of translating many 
other desirable responses including polymerization, cross-linking 
or even strain-activated mechanical fuses. With a deeper understand- 
ing of mechanophore design and efficient chemical response path- 
ways, we envision new classes of dynamically responsive polymers 
that locally remodel, reorganize or even regenerate upon mechanical 
stimulation. 
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Figure 4 | Mechanochromic response of glassy mechanophore cross- 
linked PMMA beads under diametral compression. a, Schematic of 
compression loading; deformed beads are imaged from bottom. Optical 
images as indicated on the stress-strain curve in ¢. Scale bars 50 um. 

b, Measured fluorescence intensity in the equatorial plane for a bead 
deformed just past the yield point (left inset, scale bar 50 jim). Initial 
signature (dotted line) and fluorescence intensity after deformation (solid 
line) plotted along the X, axis. Elastic prediction (dashed line) of the 


METHODS SUMMARY 
Materials. The spiropyran functionalized PMA was compression moulded into 
non-standard ‘dog bone’ shaped tensile samples (Supplementary Fig. $1). The 
PMA material was pressed in an aluminium mould at 54°C under 100 pounds 
per square inch (psi) for five minutes, and then cooled to room temperature 
while holding the pressure at 100 psi. Any thermally induced ring-opening of the 
mechanophore during processing was reversed by illumination with intense 
white light. Mechanophore cross-linked PMMA beads were annealed at 90 °C 
and illuminated with bright visible light for 2.5 h to close the merocyanine to the 
spiropyran form. 
Mechanical testing. PMA samples were tested on a screw-driven load frame. The 
initial gauge length ranged between 2 and 4mm. For monotonic tension tests, 
samples were loaded under displacement control at a rate of 1.5mms_! to 
failure. For fatigue tests, the sample was initially loaded to a maximum extension 
of twice the gauge length and then unloaded. The maximum extension of sub- 
sequent loading cycles was increased by the initial gauge length each time, such 
that on the second cycle the maximum extension was three times the initial 
gauge, on the third cycle it was four times the initial gauge length, and so on 
until the sample failed. Compression tests of spiropyran functionalized PMMA 
beads were conducted using a custom-built apparatus (Supplementary Fig. $5) 
at loading rates ranging from 1 to 25ums |. The beads were immersed and 
tested in oil with a refractive index (1.518) similar to that of PMMA (1.50) to 
minimize light scattering and improve imaging. A confocal scanning laser 
microscope (Leica SP2) in fluorescence mode exciting with 543 nm laser 
light and collecting between 570 and 650 nm was used to obtain fluorescence 
images. 

More detailed descriptions of the materials synthesis and mechanical test 
protocols are provided in the Supplementary Information. 
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controllable lid 
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The unique structural motifs and self-recognition properties of 
DNA can be exploited to generate self-assembling DNA nano- 
structures of specific shapes using a ‘bottom-up’ approach’. Several 
assembly strategies have been developed for building complex three- 
dimensional (3D) DNA nanostructures’*. Recently, the DNA 
‘origami’ method was used to build two-dimensional addressable 
DNA structures of arbitrary shape’ that can be used as platforms to 
arrange nanomaterials with high precision and specificity”. A long- 
term goal of this field has been to construct fully addressable 3D 
DNA nanostructures’***. Here we extend the DNA origami method 
into three dimensions by creating an addressable DNA box 
42 X 36 X 36nm’ in size that can be opened in the presence of 
externally supplied DNA ‘keys’. We thoroughly characterize the 
structure of this DNA box using cryogenic transmission electron 
microscopy, small-angle X-ray scattering and atomic force micro- 
scopy, and use fluorescence resonance energy transfer to optically 
monitor the opening of the lid. Controlled access to the interior 
compartment of this DNA nanocontainer could yield several 
interesting applications, for example as a logic sensor for multiple- 
sequence signals or for the controlled release of nanocargos. 

We designed the DNA box by using a recently developed software 
package'® to fold six DNA origami sheets along the circular, single- 
stranded DNA genome of the M13 bacteriophage (faces indicated 
with the letters A-F, Fig. 1a). The software built atomic models of the 
six interconnected sheets (Fig. 1b), which were subsequently 
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Figure 1| Design of a DNA origami box. a, Sequence map of the circular, 
single-stranded DNA genome of the M13 bacteriophage with regions used to 
fold the six DNA sheets shown as coloured arrows (A—-F). Base numbering 
starts from a 44-nucleotide spacer region between sheets A and B that 


arranged to form a 3D box (Fig. 1c). We then constructed the staple 
strands that fold the box by bridging the edges, resulting in a ‘cuboid’ 
structure of external size 42 X 36 X36nm° (design details in 
Supplementary Notes 1-3). This particular design was chosen for 
several reasons: to use the entire M13 sequence, to ensure a circular 
folding path through the faces and to introduce faces that have the 
characteristics of lids with ‘hinges’ composed of scaffold linkers. 
Finally, the lid was functionalized with a lock—key system to control 
its opening (Supplementary Fig. 1). 

The designed DNA structure formed by self-assembly after we heat 
annealed the 220 staple strands onto the single-stranded M13 DNA, 
resulting in highly homogenous structures migrating as one distinct 
band in native gel electrophoresis (Supplementary Fig. 2). Initially, a 
sample without the edge-linking staple strands was imaged in liquid 
using atomic force microscopy (AFM), revealing that the six DNA 
sheets formed efficiently and, in most instances, aligned in two parallel 
rows (Fig. 2a), which is compatible with helical stacking interactions 
between the edges of the DNA sheets’ (Supplementary Fig. 3a). 

Ina second assembly reaction, we used 59 staple strands, connect- 
ing the edges, to form the box shape, and subsequent AFM imaging 
revealed box-like particle structures (Fig. 2b). Analysis of the high- 
resolution AFM images of individual particles revealed x and y 
dimensions that were in good agreement with the shape and dimen- 
sions of the designed DNA box. However, the measured heights of 
these particles varied between 4 and 12 nm (Supplementary Fig. 3b), 


contains a stable hairpin structure’. Spacers of 33 nucleotides are positioned 
between each face. b, c, Molecular models of the six DNA sheets in a flat and 
cubic higher-order structure, respectively. The six DNA sheets are colour- 
coded as in a. 
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Figure 2 | AFM imaging of two- and three-dimensional DNA origami 
structures. a, AFM image of a sample in which the six DNA sheets were 
folded along the M13 backbone. Inset, magnified view of a preferred 
arrangement of the six sheets. b, AFM image of a sample in which the edges 
of the DNA sheets were linked to form a box. Inset, magnified view of a box- 


which is most likely caused by distortion of the hollow, soft DNA box 
by the force exerted by the AFM tip. In support of this argument, we 
observed that prolonged scanning of individual 3D DNA structures 
results in their collapse into flat structures one or two DNA sheets in 
height (Supplementary Fig. 4a). 

To further investigate the predictability of the 3D folding, we 
assembled an open DNA box in which the staple strands closing lid D 
were omitted. AFM images revealed flat particles two DNA sheets in 
height with a one-sheet extension of dimensions similar to lid D 
(Fig. 2c), which probably corresponds to a sideway collapse of the 
structure (Supplementary Fig. 4b). In conclusion, the AFM images 
obtained before and after addition of the staple strands connecting 
the edges of the DNA box strongly indicate the formation of box-shaped 
structures. 

To gain stronger evidence for the formation of the DNA box, we 
performed cryogenic transmission electron microscopy (cryo-EM) on 
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Figure 3 | Characterization of DNA origami box by cryo-EM and small- 
angle X-ray scattering (SAXS). a, Single-particle cryo-EM images of box- 
shaped assemblies. b, Single-particle reconstruction of the DNA box 
applying D2 symmetry. Left, theoretical model. Middle, surface 
representation of the cryo-EM map. Right, cut-open view showing the 
interior cavity of the cryo-EM map. ¢, d, Comparison of the class averages of 
the DNA boxes (c) with the corresponding two-dimensional re-projections 
of the 3D cryo-EM map (d). e, Experimental SAXS data (circles) with 
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like particle. c, AFM image of a sample in which one lid of the DNA box was 
left open. Inset, magnified view of a structure in which the lid is protruding 
from the body of the box. The colour scale shows the height above the surface 
in the range 0-15 nm. 


a sample of the assembly. Individual DNA boxes showed prominent 
edges (Fig. 3a) resulting from the increased density of the lateral faces 
oriented more or less parallel to the incident electron beam. Nearly all 
of the individual particles (90-95%) seen in the cryo-EM images had 
an overall box-like shape. A total of 8,987 defocus-corrected box 
images were subjected to single-particle image processing, and class 
averages with ~ 10-30 members on average showed the main structural 
features of the DNA box (Fig. 3c). For 337 class averages, electron- 
dense edges could be used to measure the short and long side lengths of 
the box, yielding dimensions of 44.6+3.7nm by 36.8+3.2nm 
(Supplementary Fig. 5). For 3D reconstruction, class averages were 
selected using the 3D error as selection criterion (Fig. 3b). The shape 
of the 3D cryo-EM map of the DNA box was consistent with the class 
averages and the corresponding two-dimensional re-projections 
(Fig. 3c, d). Overall, the 3D cryo-EM map revealed a hollow box-like 
structure with slightly convex bending of the small faces and slightly 
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corresponding fits from different approaches: red dashed curve, fit using the 
theoretical atomic coordinates for the box; blue dotted curve, typical Debye 
background” for modelling the excess oligonucleotides; dash—dot curve, fit 
using the theoretical atomic coordinates for the box with the Debye 
background added; solid curve, fit using a semi-analytical model for a box 
with three different side lengths with the Debye background added. I(q), 
SAXS intensity; q, momentum transfer modulus (Methods). Inset, semi- 
analytical box model with the estimated side lengths and wall thickness. 
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concave bending of the large faces (Fig. 3b; see Supplementary Fig. 6 for 
additional views of the 3D map). We suggest that the convex and 
concave bending of the faces may reflect the difference in design of 
the small and large faces. The dimensions of the 3D reconstruction are 
compatible with 82% of the measured class averages, whereas the 
theoretical model is compatible with 61% of them (Supplementary 
Fig. 5). We conclude that the main fraction of the self-assembled 
structures had a hollow box-like shape that is very similar to the 
intended 3D design. 

To analyse the native DNA origami box in solution and without a 
potentially disruptive sample fixation, we used dynamic light scatter- 
ing and SAXS, which probe a large ensemble and can therefore deter- 
mine whether or not the box is the major product of the self-assembly 
reaction. Analysis by dynamic light scattering showed there to be a 
contribution with a hydrodynamic radius R, = 24 +4nm, which 
matches the calculated value of 25.2nm from the atomic model, 
and a contribution with R,=2.1nm, corresponding to non- 
annealed DNA oligonucleotides (Supplementary Fig. 7). The SAXS 
analysis yielded a characteristic profile of a well-defined particle and 
Fourier transformation analysis gave a single-particle self-correlation 
function characteristic of a hollow structure (data not shown). The 
scattering data was in good agreement with the atomic model of the 
DNA box structure (Fig. 3e). We also compared the experimental 
data with a theoretical model of a box with dimensions 2a, 2b and 2c 
and wall thickness t (Methods and Supplementary Fig. 8). This model 
can satisfactorily describe the scattering data and gave overall dimen- 
sions of 46 + 2 nm by 38 + 1 nm by 30 + 1 nm anda wall thickness of 
2.5 + 1 nm, which is close to the expected size and is consistent with 
the dimensions observed using cryo-EM. In conclusion, the SAXS 
data showed that the scattering derives mainly from box-shaped 
structures, providing further evidence of the successful self-assembly 
of 3D hollow boxes of well-defined dimensions in solution. 

Previous studies have shown that DNA nanostructures can be 
dynamically manipulated by external DNA sequence signals”'”'*. 
Here we functionalized lid D of the DNA box with a dual lock—key 
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system composed of DNA duplexes with sticky-end extensions to 
provide a ‘toehold’’’ for the displacement by externally added ‘key’ 
oligonucleotides (Supplementary Fig. 1). To detect the opening pro- 
cess of the DNA box lid, we inserted two fluorescent dyes, Cy3 and 
Cy5, into faces B and D, respectively (Fig. 4a and Supplementary 
Note 4). Efficient fluorescence resonance energy transfer (FRET) 
between the two fluorophores corresponds to a closed state in which 
the dyes are in close proximity (Fig. 4b, left). The addition of key 
oligonucleotides results in the opening of the lid, resulting in a 
decrease in the FRET efficiency as the distance between the two dyes 
increases (Fig. 4b, right). 

The functionalized DNA box was assembled, purified and sub- 
jected to ensemble FRET measurements. We first studied the six faces 
without edge links and found emission only from primary excited 
Cy3, and only a dilution effect was observed upon addition of key 
oligonucleotides (Fig. 4c). By contrast, emission from the closed box 
sample had a Cy5 fluorescence peak at a wavelength of 665 nm that is 
consistent with a FRET signal with an estimated efficiency of ~0.22 
(Fig. 4d). The addition of both keys led to a decreased Cy5 signal and 
an increased Cy3 signal (Fig. 4d), and the FRET efficiency decreased 
by 90%, to ~0.02. The difference in response of the Cy5 and Cy3 
signals may be caused by the difference in local environment of the 
two fluorophores. Cy5 was positioned on the side of a DNA helix, 
whereas Cy3 was positioned at the end of a DNA helix, where base- 
stacking interactions” may partly quench the fluorophore. 

We measured the kinetics of the opening process (Fig. 4e) and found 
the FRET signal to decrease biexponentially, with an initial (fast) decay 
time of ~40s upon key addition. The effect was specific, as no signifi- 
cant reduction was observed upon addition of an unrelated oligonu- 
cleotide (Fig. 4e). Order-of-addition experiments showed that both 
keys are required for full decrease of the FRET signal (Supplementary 
Fig. 9). This indicates that a closed box can be programmed to open in 
response to at least two external signals (representing an AND gate). 
The box lid could potentially be designed to close again in the presence 
of specific signals (representing a NOT gate), and because the DNA box 
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Figure 4 | Programmed opening of the box lid. a, b, Illustrations of the 
unlinked faces of the box (a) and the controlled opening of the box lid 

(b). The emission from the Cy5 and Cy3 fluorophores are marked with red 
and green stars, respectively. Loss of emission from Cy5 is denoted by a red 
circle and the independent lock—key systems are indicated in blue and 
orange. c, Ensemble FRET measurements of the unlinked faces before (black 


curve) and 12 min (red curve) after the addition of keys. d, Ensemble FRET 
measurements of the closed box before (black curve) and 35 min after (red 
curve) the addition of keys. e, Kinetic study of change in emission of Cy5. 
Black arrow, time of addition of key oligonucleotides (red curve) or an 
unrelated oligonucleotide (black curve). Initial fluorescence was normalized 
to one. a.u., arbitrary units. 
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has two similar lids, D and F, they may be programmed individually 
(representing an OR gate). Thus, the lids of the DNA box have the 
potential to be uniquely programmed to respond to complex combina- 
tions of oligonucleotide sequences, for example cellular messenger 
RNAs or micro RNAs. 

We have designed, synthesized and thoroughly characterized a 
megadalton-sized DNA box with a cavity that is large enough to 
contain, for example, a ribosome or a poliovirus. Furthermore, we 
have demonstrated dynamic control and programmability of the box 
lid. In an earlier study, we demonstrated that DNA origami structures 
can be designed that have tunable flexible properties'®, and here we 
further show that dynamic changes can be induced by sensing 
external signals in the environment. The application of such a ‘nano- 
robotic’ device could be to restrict the transport of material in or out 
of the box in a controlled fashion. Importantly, the opening mech- 
anism of the DNA box operates under native conditions, which 
allows biologically active components like enzymes to be packaged 
to provide control of access to their relevant substrates. We note that 
the DNA box presented here has the potential to both sense and act, 
for example by combining a diagnostic sensor of complex signals 
with the controlled release of, or access to, a payload. 


METHODS SUMMARY 

Software. The software package used for the box design consists of a sequence 
editor and an extendable algorithm toolbox'®. We developed a program for 
creating realistic 3D models, which facilitated the design of the 3D edge-to-edge 
staple strand crossovers. The software package is distributed as free software under 
the GNU General Public License version 3 (GPLv3) and documentation and 
tutorials are available at www.cdna.dk/origami. A specific tutorial for designing 
the DNA box is available (see Nature Protocols doi:10.1038/nprot.2009.75). 
AFM. We deposited the samples on a mica surface and performed the AFM 
imaging in a buffer solution. The best AFM images of the DNA box were 
obtained when applying minimal loading forces and using optimized feedback 
parameters. 

Cryo-EM. The sample was adsorbed on carbon film and plunge-frozen in liquid 
ethane. We made low-dose images under cryogenic conditions using a 4k X 4k 
charge-coupled-device detector at 0.245 nm per pixel (ref. 21), and a total of 
8,987 single-particle images were selected manually and analysed in the context 
of IMAGIC-5 (ref. 22). 

SAXS. We collected data using a high-resolution set-up of a laboratory-based 
SAXS instrument”. The scattering data was analysed on the basis of a theoretical 
model for a rectangular box using home-written software, and with an atomic- 
coordinate-based model applying the program CRYSOL*. 

FRET. To detect the opening process, we functionalized the box with Cy3 and 
Cy5 fluorophores and a lock—key system. Purified samples were investigated 
using ensemble FRET spectroscopy measurements. The opening of the box 
was directly monitored in fluorescence kinetic experiments, where DNA key 
oligonucleotides were added to the closed-box sample. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Sample preparation. We prepared the m13mp18 DNA as described previ- 
ously'®. The assembly reactions were performed in Tris-acetate-EDTA buffer 
with 12.5mM MgAc (TAEM), 1.6nM M13 and fivefold excess of each oligonu- 
cleotide. The samples were heated to 95 °C and cooled to 20 °C in steps of 0.1 °C 
every 6s. 

AFM. The sample (5 11) was deposited on a freshly cleaved mica surface (Ted 
Pella) and left to adsorb for 5 min. Then 200 pl TAEM buffer was added to the 
liquid cell and the sample was scanned in tapping-mode using either an Agilent 
AFM series 5500 (Agilent Technologies) or a MultiMode SPM with a Nanoscope 
IV controller (Veeco Instruments) under ambient conditions. We used oxide- 
sharpened triangular cantilevers (NP-S, Veeco Instruments) with a spring con- 
stant of 0.4Nm_! and a normal tip radius of 10nm. After engagement, the 
tapping-amplitude set point was typically 0.5 V and the scan rates ranged from 
1 to 2 Hz. During the liquid AFM imaging, the highest resolution was in most 
cases obtained with minimal loading forces applied and using optimized feed- 
back parameters. We obtained several AFM images, all 512 X 512 pixels, from 
separate locations across the mica surfaces to ensure reproducibility of the 
results. All the AFM images were analysed using Scanning Probe Image 
Processor (SPIP) software (Image Metrology ApS, version 4.7.4). 

Sample preparation for cryo-EM. For cryo-EM, we supplemented the DNA box 
sample with 1 mM spermidine. For adsorption of the particles, a thin carbon film 
was used that was prepared by evaporating carbon on a piece of freshly cleaved 
mica. About 25 pl of the sample were filled into a well in an ice-cooled block, and 
particles were adsorbed on a carbon film for between 30min and 12h. 
Subsequently, the floating carbon film was picked out from the particle solution 
by placing a copper EM grid covered with a perforated carbon film on top of the 
floating carbon film. After adding 5 ul of the particle solution on one side of the 
EM grid, we mounted the grid in a home-made freeze-plunging device, blotted 
and immediately plunge-froze it in liquid ethane. The EM grids were stored in 
liquid nitrogen until image acquisition. 

Electron cryomicroscopy. Specimen grids were transferred to the electron cryo- 
microscope (CM200 FEG electron microscope, Philips/FEI) under cryogenic 
conditions using a cryoholder (Gatan). The electron microscope was operated 
at an acceleration voltage of 160 kV in low-dose mode. Images were taken on a 
4k X 4k CCD (charge-coupled-device) camera (TemCam-F415, TVIPS) with 
twofold binning of the pixels and 122,000 magnification (ref. 21). A total of 
4,160 CCD camera exposures were collected. 

Image processing. Image processing was performed in the framework of the 
IMAGIC-5 software package”. We manually selected 8,987 single-particle 
images of the DNA boxes, and corrected them for the contrast transfer function 
as described previously”*. For image processing, the images were coarsened to a 
pixel size of 4.9 Aat the specimen level. Images were subjected to three iterative 
rounds of multireference alignment using resampling to polar coordinates” and 
multivariate statistical analysis. Aligned images were classified using hierarchical 
ascendant classification with moving-element refinement, resulting in class 
averages with ~10-30 class members on average. The 3D reconstruction was 
iteratively refined in three rounds of projection matching (pixel size, 9.8 A), 
starting with 337 class averages that showed well-defined structural features. 
The 3D error was used to select the best class averages for 3D calculation. 
Thereby, the number of selected class averages was reduced to 250 and finally 
to 36. 

Determination of dimensions. For a graphical and statistical description of the 
size distribution of the DNA boxes (given as average plus/minus standard devi- 
ation), the long and short side lengths were measured for 337 experimental class 
averages that showed well-defined edges. These values were colour-coded accord- 
ing to their abundance and plotted graphically. The theoretical box model and the 
experimental 3D structure were re-projected into 1,654 two-dimensional, equally 
spaced re-projections that were measured to define the respective size distributions. 
Dynamic light scattering. The experiments were performed at a scattering angle 
of 90° on an ALV instrument with a CGS-8F goniometer system equipped with 
an ALV-6010/EPP multi-tau digital correlator and a helium—neon diode laser 
(DS Uniphase). ALV software was used to derive the hydrodynamic radius 
using cumulant analysis and inverse Laplace transforms. The samples were the 
same as used in the SAXS experiments, but measured at 23 °C. 

SAXS. The experiments were performed in the laboratory-based SAXS instru- 
ment at the Department of Chemistry, Aarhus University*’. The SAXS intensity 
was displayed as a function of the momentum transfer modulus gq (q = 4msin(0)/ 
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2, where / is the radiation wavelength and 20 is the scattering angle). Pure water 
was used as primary standard for absolute scale normalization. The sample 
concentration was very low (~0.1 mg ml ') and the data was collected in the 
high-resolution set-up covering 0.004 Are q<0.21 A’'. The samples were 
injected into carefully rinsed quartz capillaries and placed in a thermostated 
block (4 °C) in the vacuum chamber of the instrument. 

The modelling of the scattering data was performed using the expression 


1(q) = Sc, Psox(q) + Sc, Pors(q) + Back 


where Sc, are the scale factors for the scattering components and Back is a 
constant background that might correct imperfect data reduction or the contri- 
bution from electron density fluctuations in the sample. Pgox(q) is the scattering 
intensity of a rectangular box with sides 2a, 2b and 2c and wall thickness ¢, given 
by 


n/2 


n/2 n/: 
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where « and f are polar angles of integration and Argc(q a, b, c) is the scattering 
amplitude of a rectangular box with sides 2a, 2b and 2c (Supplementary Fig. 8), 
given by 
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Ppep(q) is the scattering intensity of a Gaussian chain with a radius of gyration R, 
(ref. 25): 


2(exp(—g R2)—-14+q°R,) 
2 
(PRY 
Because the sample had free oligonucleotides in the solution (also detected by 
dynamic light scattering measurements), it was necessary to add this intensity to 
take into account their contribution to the scattering. 
The measured intensity is smeared by instrumental effects. To account for this, 


we use a resolution function’*. The observed experimental intensity, I((q)), is 
thus fitted by 


Pors(q) 


i(@)= | R(a).0r@ dq (1) 


where R((q), q) is the resolution function that describes the distribution of q 
values probed for the scattering vector setting, (q). The parameters entering the 
resolution function are estimated from the width of the direct beam at the 
detector. Equation (1) is used to fit the experimental data using a nonlinear 
least-squares procedure”’. 

FRET. Samples were purified on HPLC (Agilent Technologies 1200 series) using 
a BioSep-2000 column (Phenomenex) with an elution buffer containing 20 mM 
Tris-HCl, pH 8.0, 100 mM KCl and 10 mM MgCh. Ensemble FRET experiments 
were carried out in a JY-Horiba Fluoromax-3 spectrofluorimeter using a 60-1 
quartz cuvette (Hellma UK). Aliquots of 0.2 pl of 200 uM key or an unrelated 
oligonucleotide were directly added to the box sample and mixed by pipetting. 
Fluorescence spectra for each sample were recorded at 25°C with both Cy3 
excitation at 530nm and Cy5 excitation at 600 nm, and corrected for back- 
ground fluorescence and instrument response. The kinetic studies were per- 
formed with a 10-nm slit centred at 665 nm, and recorded each 30s with high 
shutter speeds to minimize bleaching. The FRET efficiency was estimated by the 
RatioA method”. 
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Upper-mantle volatile chemistry at Oldoinyo Lengai 
volcano and the origin of carbonatites 


T. P. Fischer’, P. Burnard’, B. Marty”, D. R. Hilton’, E. Furi’, F. Palhol?, Z. D. Sharp’ & F. Mangasini* 


Carbonatite lavas are highly unusual in that they contain almost no 
SiO, and are >50 per cent carbonate minerals. Although carbonatite 
magmatism has occurred throughout Earth’s history, Oldoinyo 
Lengai, in Tanzania, is the only currently active volcano producing 
these exotic rocks’. Here we show that volcanic gases captured during 
an eruptive episode at Oldoinyo Lengai are indistinguishable from 
those emitted along mid-ocean ridges, despite the fact that Oldoinyo 
Lengai carbonatites occur in a setting far removed from oceanic 
spreading centres. In contrast to lithophile trace elements, which 
are highly fractionated by the immiscible phase separation that 
produces these carbonatites, volatiles (CO2, He, N2 and Ar) are little 
affected by this process. Our results demonstrate that a globally 
homogenous reservoir exists in the upper mantle and supplies 
volatiles to both mid-ocean ridges and continental rifts. This argues 
against an unusually C-rich mantle being responsible for the genesis 
of Na-rich carbonatite and its nephelinite source magma at Oldoinyo 
Lengai. Rather, these carbonatites are formed in the shallow crust by 
immiscibility from silicate magmas (nephelinite), and are stable 
under eruption conditions as a result of their high Na contents. 

Oldoinyo Lengai is located on the eastern branch of the East African 
Rift Valley, away from any influence of a deep-mantle plume’ or 
subduction zone. The composite cone consists mainly of nephelinitic 
and phonolitic pyroclasts and lavas'. Although currently erupting 
more silicic ashes, Oldoinyo Lengai erupted large volumes of rare 
Na-rich (natro-) carbonatite lavas until August 2007. Such lavas are 
enriched in incompatible trace elements by up to four orders of 
magnitude relative to primitive mantle, and show extremely high 
(=10°) enrichments of light relative to heavy rare-earth elements’. 
The radiogenic isotope compositions of carbonatites, including those 
emitted by Oldoinyo Lengai, are typical of those that characterize 
mantle-derived magmas, leaving little doubt that these peculiar 
magmas are differentiated products of partial melts of the underlying 
mantle source*. Petrologic studies show that natro-carbonatite 
magma is formed by low-pressure differentiation in the shallow crust 
from mantle-derived nephelinites’. The CO;-rich nature (~30 wt%; 
ref. 1) of carbonatite lavas raises the question of whether mantle- 
derived melts (for example nephelinites), which can form carbonatite 
liquids by differentiation, are formed from a typical mantle assem- 
blage under specific conditions (for example extremely low partial- 
melt fractions®) or instead require unusually high C contents in the 
mantle source (see, for example, ref. 7). Recent experimental results 
have suggested that nephelinitic magmas, which were probably the 
Oldoinyo Lengai carbonatite parental liquids, require mantle C con- 
tents of ~1,000p.p.m. at 1-5% partial melting *. Logically, a 
C-enriched mantle source seems necessary to produce liquids that 
can differentiate into carbonatite magmas. 

We used exceptionally uncontaminated volcanic gases captured at 
Oldoinyo Lengai at the onset of a new eruptive cycle to address the 


issue of source C content. We note that the rate at which CO, is 
emitted at Oldoinyo Lengai (~5.5 X 10'°molyr', measured in 
ref. 9 and by ourselves), is two orders of magnitude greater than the 
time-averaged solid C (carbonatite) flux (5 x 10° molyr'; ref. 9). 
Therefore, the amount of C that forms carbonatite is a minor fraction 
only (~1%), in comparison with the total C released by the volcano. 
In this way, the volatile compositions measured in our gas samples are 
related to the degassing of the whole volcano, and not the volatile 
phase in equilibrium with carbonatite liquid at low pressure. 

The gas samples were collected in July 2005, in the active crater of 
Oldoinyo Lengai, at the beginning of a new eruptive sequence that 
resulted in the emission of low-viscosity and low-temperature 
(550 °C) carbonatite lava flows. Sample collection followed standard 
protocols’®. Gas chemistry and N isotope composition were measured 
by gas chromatography and isotope-ratio mass spectrometry at the 
University of New Mexico", and noble gases and C isotopes by mass 
spectrometry at the Scripps Institution of Oceanography”. All results 
are reported in Table 1. To determine the source characteristics of the 
gases, we used isotopic and elemental ratios, that is, N2/Ar, *He/*He, 
*arP°Ar and N2/*°Ar, which are diagnostic of magma sources but 
unaffected by degassing fractionation. The effects of degassing were 
evaluated from gas abundance ratios (for example He/Ar and CO,/ 
Ar), which change upon degassing owing to solubility differences in 
melts. 

There is overwhelming evidence to indicate that Oldoinyo Lengai 
gas compositions strongly resemble upper-mantle volatiles. First, the 
relative abundances of N>, He and Ar (Fig. 1) overlap with volatiles 
emitted at mid-ocean ridges and continental rifts. Second, the *He/*He 
ratios of Oldoinyo Lengai samples define a narrow range, from 6.70Rq 
to 6.86R,. They fall at the lower end of the MORB range and are 
indistinguishable from the subcontinental lithospheric mantle’; 
indeed, there is considerable overlap with well-documented examples 
of MORB with *He/*He ratios below 6.5R, in slow- to medium- 
spreading ridges (the southeast and southwest Indian ridges, the south 
Mid-Atlantic Ridge and the Gakkel Ridge’’). 

Third, the isotopic composition of nitrogen shows 5'°N values 
from —4.0 to —5.1%o0 (85'°Nai; = 0.0%o), similar to MORB and to 
continental-rift gas values (SPN, —5 + 3%o; refs 14, 15). Any contri- 
bution from N-rich subducted sediments to the Oldoinyo Lengai 
volatile budget would shift 5'°N values towards ~+7%o (refs 11, 
16). Fourth, plots of N3/**Ar against “°Ar/*°Ar for the gas samples, 
along with data for MORB", lie precisely on the mixing line between 
ASW and the upper mantle (Fig. 2). Although the *°Ar/**Ar ratios of 
the gases (950) are significantly lower than the upper-mantle end- 
member (~35,000; ref. 17), they are still among the highest such 
ratios of any volcanic gases measured. Fifth, the 5'°C values (—2.36 
to —4.01%o) are within the range of MORB"” and subcontinental 
mantle gases’. 
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Nancy-Université, CNRS-INSU, BP 20, 54501 Vandoeuvre Lés Nancy Cedex, France. >Geosciences Research Division, Scripps Institution of Oceanography, La Jolla, California 92093- 
0244, USA. “Department of Mining and Mineral Processing Engineering, University of Dar Es Salaam, PO Box 35131, Dar Es Salaam, Tanzania. 


77 


©2009 Macmillan Publishers Limited. All rights reserved 


LETTERS 


Table 1| Composition of gas emitted from Oldoinyo Lengai crater, July 2005 
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Sample 
OLD-1 OLD-2 OLD-3 OLD-4 ASW MORB 

TCC) 123 120 168 168 _ = 

>/Ar 50.4 81.9 98.1 82.6 50 152+58 

>/He 177.2 261 376.2 1,558.3 150,000 48 +6 
He/Ar 0.28 0.31 0.26 0.05 0.0005 2 
3He/“*He (R/Ra) 6.73 6.86 6.68 6.7 1 8+1 
He/Ne (air) 4,600 6,530 2,020 2,370 0.78 235,000 
3He/*He (Re/Ra) 6.73 0.06 6.86 + 0.06 6.68 + 0.06 6.70 + 0.06 = 8+2 
40 ar/2eAr 290.81 + 1.67 947.83 + 6.23 = 317.05 +1.01 295.5 ~35,000 
?2°Ne/3°Ar 0.057 0.142 _ 0.022 0.16 0.013 
CO>/7He (X10°) 3.82 + 0.08 4.13 + 0.08 3.59 + 0.08 3.80 + 0.08 = ~1-6 

>/7°Ar (X10*) 1.47 7.76 — 2.58 1.03 280 
4He/*PAr* _ 0.45 — 0.76 = 2 
CO2/N> 203 152 89 23 = 85-190 
CO2/*°Ar* = 17,886 = 27,166 = 33,600 
37°N (%o, air) -40+0.2 -41+05 -51+03 _ 0 -52+3 
8°3C (%o, PDB) —2.36+0.01 —2.40 + 0.01 ~2.37+0.01 —4.01+0.01 -8 -45+2 


Elemental ratios are reported on a molar basis. Errors in the N2/Ar, No/He, He/Ar and CO2/Nz ratios are 5% (ref. 11). Errors in isotopic values are at the 1a level. The He/Ne ratios are given relative to 
the He/Ne ratio of air. The He/Ne of the mid-ocean-ridge basalt (MORB) endmember was calculated from the MORB 3He/**Ne (10.2), 3He/*He (8Ra) and ?°Ne/?2Ne (12.5) ratios; the *He/*He 
ratio is reported in Ra notation, where Ra is the 3He/*He ratio of air (1.4 X 10°). Using measured He/Ne ratios, the measured 3He/*He (R) value was corrected for air contamination (details in ref. 
12). The 2°Ne/?°Ar ratio was calculated from the He/Ne, He/Ar and “°Ar/2°Ar ratios. The 7°Ne/2°Ar ratio of air-saturated water (ASW) was measured at 20 °C (ref. 27). The 2°Ne/?°Ar ratio of the 
MORB endmember was calculated using the 7*Ne/2°Ar ratio of ‘popping rock’” and the 2°Ne/7Ne ratio of mantle well gases”°. The CO2/*°Ar* ratio was calculated from the CO3/7He, 7He/*He and 
4He/*°Ar* ratios. *°Ar* is *°Ar corrected for atmospheric Ar. MORB endmember compositions are from refs 13, 14, 16, 28, 29 and 30. SN (%o) = C°N/™4N) sample/('°N/™N) standard — 1] X 1,000; 
the standard for N is air. 8'°C (%o) = [C°C/1*C)cample/('3C/"C) standard — 1] X 1,000; the standard for C is PeeDee Belemnite (PDB). 


Last, and most surprisingly, CO./*He ratios of (3.6-4.1) X 10” are 
within the range of MORB glass values ((1-6) x 10°; ref. 14) and are 
slightly lower than ratios of subcontinental mantle gases'*'*. The 
CO,/?He ratios of Oldoinyo Lengai gases are much lower than values 
characteristic of gases from arc volcanoes ((11.0 = 3.3) X 10°; ref. 19), 
which are the result of contributions of C-rich components in fluid 
released from the subducting slab to the mantle wedge. 

Elemental noble gas ratios also support this conclusion. The 
Oldoinyo Lengai *He/*°Ar* ratios (0.45-0.76; Fig. 3) are close to the 
mantle value Ciel Ar? seer mantle = 2; ref. 17). This observation 
demonstrates that there was only very minor volatile fractionation 
during magmatic degassing at Oldoinyo Lengai, because He is ~10 
times more soluble than Ar in both silicate and carbonatite melts”! 
and degassing of a magma would result in large increases in the He/Ar 
ratio of the residual liquid. Therefore, it is reasonable to assume that the 
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Figure 1| N>-He-Ar triangular plot. Oldoinyo Lengai gas compositions and 
mantle endmembers as defined by MORB glasses", the Rio Grande rift*’, the 
Eger rift (Europe)'’, popping rock (P), the Sierra Negra (S) and Alcedo (A) 
volcanoes (Galapagos)** and Halemaumau crater (H; Kilauea volcano, 
Hawaii) (T.P.F., unpublished observations). All samples are mixtures 
between the mantle endmember composition and air or ASW. 
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measured volatile compositions are representative of the mantle source. 
We note that although *He/*°Ar* ratios appear unfractionated, the 
CO,/*He and CO,/*°Ar* compositions of the Oldoinyo Lengai gases 
are not consistent with compositions expected from unfractionated 
carbonatite liquids. The CO,/*He and CO,/*°Ar* ratios of an initial 
carbonatite liquid (that is, one in equilibrium with an undegassed 
mantle melt) can be constrained by mass balance to ~1 X 10° and 
~2 X 10°, respectively, which are two orders of magnitude greater than 
those measured in the gases (Supplementary Information). Thus, 
enormous degassing fractionation of a carbonatite source would be 
required to produce the CO,/*He and CO,/*°Ar* ratios observed in 
Oldoinyo Lengai gases, and this is not reflected in the *He/*°Ar* ratio. 
We conclude that there is no degassing scenario from initial carbonatite 
compositions that could reproduce the Oldoinyo Lengai *He—“?Ar*— 
CO, compositions. The gases we sampled at Oldoinyo Lengai were 
derived from degassing of the silicate portion of the magmatic system, 
as demonstrated by the fact that their compositions plot precisely on 
the trend predicted by open-system degassing of silicate melts (Fig. 3). 
This is consistent with the observation that the carbonatite lavas 
represent only 1% of the Oldoinyo Lengai C budget. 
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Figure 2 | N2/?°Ar and *°Ar/*°Ar ratio diagram. Oldoinyo Lengai gases, 
MORB glasses" and arc-gas emissions’®. All Oldoinyo Lengai samples fall on 
a mixing trend between ASW and a mantle endmember with 

N,/*°Ar = 280 X 104 and *°Ar/**Ar ~ 35,000 (Table 1). 
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Figure 3 | *He/*°Ar* and CO2/*°Ar* ratios of Oldoinyo Lengai gases. New 
Mexico well-gas data” and compositions of 21ID43 popping rock are 
considered representative of the volatile compositions of primary mantle 
melts'’. The volatile composition of a carbonatite liquid in equilibrium with 
such a primary melt is calculated using a mass-balance approach 
(Supplementary Information). Rayleigh-type degassing will fractionate the 
exsolved volatiles from the initial volatile compositions (defined by popping 
rock for silicate magmas and the calculated carbonatite pole for carbonatitic 
magmas), with the exsolving gases moving towards lower “He/*°Ar* and 
CO,/*°Ar* values owing to higher solubility of He (ref. 21) and CO, (ref. 33) 
relative to Ar (ref. 21) in the melt. MORB glasses’* have compositions that 
represent the residual mantle gas after degassing. The models show that 
volatiles sampled at Oldoinyo Lengai could not have been exsolved from a 
carbonatite magma and instead coincide with the compositions expected 
from a degassing silicate magma. 


Using our CO,/*He ratios, we can constrain the concentration of C 
in the Oldoinyo Lengai mantle source to be no more than that of the 
highest C concentrations in the MORB source. The C content of the 
upper mantle is well constrained by three independent 
approaches'”’*** to fall between 50 and 220p.p.m. The highest C 
concentration estimates in this range are found in MORB with 
CO,/*He ratios identical to those of Oldoinyo  Lengai 
(Supplementary Information); therefore, the mantle source that is 
generating Oldoinyo Lengai carbonatite, and its parental nephelinitic 
magma, contains an absolute maximum of 300 p.p.m. C (including 
uncertainties in the mantle C estimates). Our results argue against a 
C-rich mantle being the source of the unusual volcanism at Oldoinyo 
Lengai, including the Na-rich carbonatites. 

Although the Earth’s mantle contains significant amounts of C 
(ref. 19), all present-day volcanoes except Oldoinyo Lengai emit C 
exclusively as CO, and not carbonatite. This is because Fe, Ca and Mg 
carbonatite liquids are not stable at low pressure and break down to 
produce the CO, present in all volcanic emissions. Carbonatite 
magmas can erupt at Oldoinyo Lengai as a result of their high 
Na contents; unlike calcic or magnesian carbonate liquids, natro- 
carbonatite liquids are stable at atmospheric pressure”. Therefore, it 
is the unusual Na content of Oldoinyo Lengai magmas that permits 
eruption of the carbonatite lavas, not the C content of their source. 

Most recent experiments on carbonatite generation use composi- 
tions that are enriched in C relative to the current best estimates of 
average mantle compositions, and show that either high C concen- 
trations (of several thousand p.p.m.) and/or exceedingly small 
partial-melt fractions are required to produce carbonatitic primary 
liquids®. Furthermore, melting in the presence of C at low partial- 
melt fraction will produce nephelinitic primary liquids (higher melt 
fractions tend to dilute the undersaturated melts with melts of more 
basaltic compositions*), consistent with the nephelinitic lavas found 
at Oldoinyo Lengai. Given that the maximum C concentration of 
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the Oldoinyo Lengai mantle source is 300 p.p.m., the compromise 
between C concentration and partial-melt fraction that will still pro- 
duce an undersaturated primary liquid® allows us to constrain the 
maximum partial-melt fraction at Oldoinyo Lengai to be =0.3%. 
Therefore, rather than highly unusual C-rich fluids in the mantle, 
or carbonated peridotite, it seems likely that the melting regime in the 
extensional East African Rift is what results in the low partial-melt 
fraction liquids of nephelinitic composition. These melts undergo 
further differentiation and liquid immiscibility in the shallow crust 
such that ~1% of the mantle C separates into a natro-carbonatite 
phase—into which incompatible elements preferentially partition. 
The remaining C degasses as CO), as at all other volcanoes. The 
source for all Oldoinyo Lengai magmas (nephelinites and carbona- 
tites) is ultimately the upper mantle, which is indistinguishable from 
that under mid-ocean ridges in terms of the isotopic composition of 
volatiles and lithophile elements. 

On a global scale, our results imply that the regions of upper 
mantle beneath mid-ocean ridges'’, continental North America” 
and the East African Rift are identical in their volatile abundances 
and isotopic compositions. Despite small differences in some trace 
gases (for example Xe isotopes in MORBs versus continental well 
gases”°), the upper mantle appears to be a uniform and homogenous 
geochemical reservoir of CO, and other gases (N2, He and Ar) below 
both continents and oceans. 


METHODS SUMMARY 


All gas samples were collected following methods described in ref. 10. We collected 
gas samples for gas chemistry and N isotopes in ~250-ml evacuated glass flasks 
equipped with Teflon stopcocks. Before sample collection, we filled the flasks with 
~50 ml NaOH solution to absorb the acid gases (CO2, SO2, H2S, HCland HF) and 
inert gases (Nz, Hj, O2, CHy, CO and noble gases) filled the headspace. Samples for 
determination of He, Ar and C isotopes and CO,/ 3He ratios were collected at the 
same time and from the same locations using evacuated alkaline-resistant-glass 
flasks with high-vacuum stopcocks. Samples OLD-1 and OLD-2 came from TB49, 
a degassing hornito (a cone several metres high made of previously erupted lava). 
OLD-3 and OLD -4 were collected from a nearby hole (2 m in diameter) in an old 
lava flow. During sampling of OLD-1, OLD-2 and OLD-3, on 4 July 2005, eruption 
from a vent ~50m away was continuous and lavas were emitted at a rate of 
~0.3m’s_', flowing at a maximum speed of 2ms | over the flat crater floor. 
During sampling of OLD-4, on 5 July 2005, the eruption was less vigorous. The 
volcano was under increasing gas pressure owing to the rise of magma, and atmo- 
spheric contamination, which is always a problem when collecting volcanic gases, 
was limited. At the University of New Mexico, the headspaces of the gas samples 
were analysed by gas chromatography (using thermal-conductivity and flame- 
ionization detectors). From the headspace, gas aliquots were taken for N isotope 
analyses using an isotope-ratio mass spectrometer equipped with a gas bench". At 
the Scripps Institution of Oceanography, He and Ar isotopes, C isotopes on CO, 
and CO,/*He ratios were measured by a combination of noble-gas and stable- 
isotope mass spectrometry, and gas manometry following ref. 12. 
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The foot of Homo floresiensis 


W. L. Jungers', W. E. H. Harcourt-Smith’, R. E. Wunderlich’, M. W. Tocheri*, S. G. Larson’, T. Sutikna”, 


Rhokus Awe Due? & M. J. Morwood® 


Homo floresiensis is an endemic hominin species that occupied 
Liang Bua, a limestone cave on Flores in eastern Indonesia, during 
the Late Pleistocene epoch'’. The skeleton of the type specimen 
(LB1) of H. floresiensis includes a relatively complete left foot and 
parts of the right foot’. These feet provide insights into the evolu- 
tion of bipedalism and, together with the rest of the skeleton, have 
implications for hominin dispersal events into Asia. Here we show 
that LB1’s foot is exceptionally long relative to the femur and tibia, 
proportions never before documented in hominins but seen in 
some African apes. Although the metatarsal robusticity sequence 
is human-like and the hallux is fully adducted, other intrinsic 
proportions and pedal features are more ape-like. The postcranial 
anatomy of H. floresiensis is that of a biped'*, but the unique 
lower-limb proportions and surprising combination of derived 
and primitive pedal morphologies suggest kinematic and biome- 
chanical differences from modern human gait. Therefore, LB1 
offers the most complete glimpse of a bipedal hominin foot that 
lacks the full suite of derived features characteristic of modern 
humans and whose mosaic design may be primitive for the genus 
Homo. These new findings raise the possibility that the ancestor of 
H. floresiensis was not Homo erectus but instead some other, more 
primitive, hominin whose dispersal into southeast Asia is still 
undocumented. 

Bipedalism is the derived hallmark of hominins**, yet our under- 
standing of its origins and subsequent evolution is incomplete. 
Associated postcranial elements are rare in the early part of the hominin 
fossil record®*, and relatively complete feet are rarer still. Although LB1 
has been dated to the end of the Pleistocene”, its feet shed new light on 
the evolution of bipedal gait and have important implications for 
hominin biogeography. The reassembled left foot is shown in Fig. 1 
in both medial and dorsal view next to the associated right tibia and left 
femur. 

It is possible to estimate the full length of LB1’s foot (to the tip of the 
second digit) from the assembled partial foot, assuming a modern 
human template and using a regression analysis based on a large 
sample of complete modern human feet (Supplementary Fig. 1). 
The estimated skeletal length of LB1’s left foot is 191 mm (95% pre- 
diction interval, 184-199 mm), indicating a fleshy-foot length’ of 
196 mm (189-204 mm). As Fig. 1 shows, the foot of LB1 is very long 
relative to the femur and tibia. The ratio of fleshy-foot length to 
maximum femur length (280 mm in LB]; ref. 2) is 0.7 (0.68-0.73). 
The relative foot length in LB1 far exceeds the upper limits for modern 
humans of either average or short stature (Table 1) and instead 
overlaps with bonobos (Pan paniscus). It is also relatively longer than 
the estimate for Australopithecus afarensis (AL288-1), which was 
based in part on an Early Pleistocene foot from Olduvai Gorge, 
Tanzania (OH 8)’. Because it is the distal-most segment in the 
lower-limb link system, a hominin foot of this relative length requires 


compensatory kinematic adjustments at ankle, knee and/or hip joints 
to permit adequate clearance of the toes in the swing phase of walking 
and running (unless the toes were curled)*, and it probably places 
limits on running speed’. The relatively high foot-to-femur ratio, 
not unlike the high humerofemoral index’, is driven primarily by an 
exceptionally short hindlimb (Supplementary Table 1). 

The metatarsal robusticity sequence observed in LB1 follows the 
most common human formula, I>V>IV>II>II (refs 3, 10). 
The orientation of the virtually flat and mutually articulating surfaces 
of the entocuneiform and hallucal metatarsal indicate that the big toe 
was fully adducted and in line with the other metatarsals. However, in 
comparison with the lesser metatarsals, the hallucal metatarsal is 
short; its relative length falls below the range observed in modern 
humans but is within the range characteristic of chimpanzees 
(Fig. 2a). Dorsal extensions of the articular surfaces are evident on 
all metatarsal heads, and the distal hallucal metatarsal is squared off 
as in modern humans but not in apes, A. afarensis, Paranthropus 
robustus'' or early Homo from Dmanisi, Georgia’. Sesamoid grooves 
are not evident on the distal joint surface of the hallucal metatarsal of 
LB1. Modern human-like dorsiflexion and stability at the metatar- 
sophalangeal joints late in stance phase are implied, but load-sharing 
among the digits at toe-off was probably impacted by the relatively 


Figure 1| The foot and long bones of the type specimen of H. floresiensis. 
Medial (top) and dorsal views of the reassembled left foot of LB1, shown here 
with its associated right tibia and left femur. 
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Table 1| Relative fleshy-foot length in LB1, humans and apes* 


Species N Mean Standard deviation Range 

Homo sapienst 34 54.2 2.5 49.3-58.9 
Homo sapiens (pygmy) t 10 «SAS 2.1 50.7-56.7 
Homo floresiensis (LB1) 1 70.0 =_ 67.5-72.98 
Pan paniscus 8 73.9 3.2 68.4-77.2 
Pan troglodytes 36 82.5 49 72.3-95.9 


N, sample size. 

*100 X (fleshy-foot length/femur length). 

+ Data from ref. 7 (Cleveland Museum of Natural History). 

Sample includes small-bodied individuals from Africa, the Andaman Islands and South 
America in the collections of the Natural History Museum, London, and the American Museum 
of Natural History, New York. 

§ 95% prediction interval. 


short hallux and long foot of LB1 (ref. 12). At 5—7° (lateral), the 
degree of torsion of the distal tibia of LB1 relative to its proximal 
platform is at the lower end of the observed human range; despite the 
short hallux, therefore, there is no indication that the foot of LB1 was 
toed in’. 

The forefoot of LB1 is disproportionately long in comparison with 
modern humans. Relative to tarsal length (proximal talus to distal 
entocuneiform), the lesser metatarsals are long and fall outside the 
observed limits of our modern human sample (Supplementary Fig. 2). 
The proximal pedal phalanges also contribute to the long forefoot of 
LBl. As a percentage of corresponding metatarsal lengths, the 
proximal pedal phalanges of LB1 are longer than those observed in 
modern humans, and instead more closely resemble those in some 
chimpanzees (Fig. 2b). The proximal pedal phalanges of LB1 have 
robust bases and midshafts, and they lack the hour-glass shape 
characteristic of modern humans. They are also moderately curved, 
with included angles ranging from 16.8° to 26.8°; the second value is 
beyond the range documented for modern humans and resembles 
some australopithecines’*. Modern humans have short, straight toes’*; 
short toes reduce the torques and bending stresses of ground-reaction 
forces in bipedalism and serve to reduce mechanical work in run- 
ning'®. The proximal pedal phalanges of LB1 lack this derived design 
feature, and thus probably experienced habitually high stresses (as 
further suggested by the presence of osteophytes on several of the 
phalanges)’. Their exceptionally high levels of robusticity also indicate 
that LB1 was unshod (Supplementary Table 2). 

Of all the tarsal bones of LB1, the navicular is the most primitive in 
shape (Fig. 3a). The navicular tuberosity is large and projecting, and 
the lateral edge of the bone is pinched, producing a wedge-like effect 
seen in australopithecines and great apes but not in modern humans or 
OH8 (ref. 17). The entocuneiform facet is well separated from the 
enlarged tuberosity, and there is no contact facet for the cuboid (a 
variable feature in modern humans). As in great apes and australo- 
pithecines, the medial longitudinal arch was probably weakly 
developed or absent in LB1 (refs 15, 17) and the navicular tuberosity 
was probably weight-bearing'®. LB1’s navicular affinities are corrobo- 
rated by a statistical analysis of shape by means of geometric morpho- 
metrics (Fig. 3b, Supplementary Table 3 and Supplementary Fig. 3). 
The first two principal components of three-dimensional (Procrustes) 
shape coordinates reveal complete separation of modern humans from 
great apes. The left and right naviculars of LB1 and two of the three 
australopithecine naviculars group with African apes; OH 8 is more 
similar in shape to modern humans. 

The talus of LB1 (Supplementary Information Fig. 4) is similar to 
modern humans in some features (for example, the neck angle is 23°, 
the body is slightly wedge-shaped and the dorsal trochlear groove is 
shallow with subequal margins)', but it departs towards ape-like 
morphology with a very low degree of talar head torsion (at 26°, it 
is two to four standard deviations below mean values for modern 
humans)”. A three-dimensional geometric morphometric analysis 
shows that LB1’s talus falls outside of and between the envelopes for 
modern humans and African apes; it is ‘intermediate’ in shape, as are 
the tali of OH 8 and KNM-ER 1476a (Supplementary Figs 5 and 6). 
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Figure 2 | Intrinsic foot proportions in H. floresiensis. a, Length of the 
hallucal metatarsal relative to lengths of metatarsals II and II in humans, 
chimpanzees and LB1 (95% correlation ellipses are indicated for humans 
and chimpanzees). The human sample includes 124 individuals from the 
Indian subcontinent, five African pygmies and sex-specific means for 
Europeans and Japanese. n, sample size. b, Proximal phalangeal length 
relative to metatarsal length for digits Il and V. The more complete right 
metatarsal V is substituted here for the fragmentary left one. Following a 
human template, the longest proximal phalanx (LB1/38) was assigned to 
metatarsal II, and the shortest (LB1/34) to metatarsal V (ref. 3). 


The cuboids of LB1 appear less trapezoidal in shape than many 
modern humans, but both bear an incipient calcaneal process or 
asymmetrical ‘beak’ (Fig. 4), which is usually regarded as evidence 
of a stable lateral longitudinal column”’. However, expression of this 
feature is variable in both modern humans”! and H. floresiensis; this 
surface is nearly flat in a newly discovered right cuboid (LB16) of 
another individual. In contrast, OH 8 exhibits a very pronounced 
calcaneal process'””’. 

The bony pelvis, lower-limb bones and feet of H. floresiensis com- 
bine to reveal an unequivocal adaptation to bipedalism'™, yet they also 
depart in functionally significant ways from the skeletal design of 
modern humans, with important biomechanical and evolutionary 
implications. For instance, because the foot lacks a well-defined medial 
longitudinal arch, recovery of stored elastic energy would have been 
limited in comparison with modern humans, especially during 
running, when mass-spring mechanics replace the pendular 
mechanics of walking’. With a short hallux, relatively long lateral rays 
and a weight-bearing navicular tuberosity, pressure transfer through 
the foot in support phase and at toe-off also probably differed from 
modern humans. Kinematic differences related to clearance of the foot 
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Figure 3 | The comparative anatomy and morphometrics of the navicular 
bone in H. floresiensis. a, Laser scans of naviculars from P. troglodytes, 

A. afarensis (AL 333-47), H. floresiensis (LB1), OH 8 and H. sapiens (scaled to 
approximately similar size and shown as from the right side). From top to 
bottom, the rows show distal, plantar, dorsal and proximal views. Articular 
facets are indicated: entocuneiform (green, 1), mesocuneiform (blue, 2), 
ectocuneiform (light blue, 3), cuboid (light green, 4) and talus (purple, 6); 
non-articular surface (magenta, 5). b, First two principal components of a 
generalized Procrustes analysis of three-dimensional coordinates (see 
Supplementary Fig. 4), with 95% confidence ellipses. PC1 accounts for 24.6% 
of the variance, and PC2 for 19% (H. sapiens, open diamonds; P. troglodytes, 
open triangles; P. paniscus, crosses; Gorilla, grey squares; Pongo, grey circles; 
human pituitary dwarf, black diamonds; OH 8, blue square; A. afarensis, red 
asterisks; South African Australopithecus, yellow circle; H. floresiensis (left 
and right sides), red squares). Sample sizes, composition and statistical 
software are documented in Supplementary Table 3. 


in swing phase would have been evident during both walking and 
running. The foot of H. floresiensis was not well-designed for either 
high-speed or efficient endurance running’”®. 

Concerning phylogeny, the foot of H. floresiensis exhibits a broad 
array of primitive features that are not seen in modern humans of any 
body size. Primitive traits are also seen in the LB1 cranium, mandible, 
brain, shoulder, wrist, pelvis, limb bones and body proportions’ *”***. 
It is conceivable that a few of these plesiomorphic traits could have 
evolved through reversals during ~800 kyr of insular isolation on 
Flores'*”*, but it is improbable that all of them from head to toe 
were simply a consequence of ‘island dwarfing’. Some modern 
humans (pygmies) have reduced greatly in body size repeatedly 
and independently throughout the world, without any evidence of 
evolutionary reversals to such primitive morphologies and body 
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Figure 4 | The comparative anatomy of the cuboid bone in H. floresiensis. 
High-resolution laser scans of the left cuboid in LB1, OH 8, a human and a 
chimpanzee (scaled to approximately similar size). The calcaneal facet is 
highlighted in red. The calcaneal beak is present but weakly expressed in LB1; 
it is especially pronounced in OH 8. 


proportions”. Re-evolving short hindlimbs, long lateral toes, a short 
hallux and a flat foot would impair locomotor performance, and no 
known human skeletal pathology fully recapitulates this ancient body 
design. The comparative and functional anatomical evidence of the 
foot (and much of the rest of the skeleton) suggests that H. floresiensis 
possesses many characteristics that may be primitive for the genus 
Homo. It follows that if these features are primitive retentions, then 
H. floresiensis could be a descendant of a primitive hominin that 
established a presence in Asia either alongside or at a different time 
than H. erectus sensu stricto”. 
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Insular dwarfism in hippos and a model for brain size 
reduction in Homo floresiensis 


Eleanor M. Weston! & Adrian M. Lister’ 


Body size reduction in mammals is usually associated with only 
moderate brain size reduction, because the brain and sensory 
organs complete their growth before the rest of the body during 
ontogeny’”. On this basis, ‘phyletic dwarfs’ are predicted to have a 
greater relative brain size than ‘phyletic giants’’’. However, this 
trend has been questioned in the special case of dwarfism of 
mammals on islands*. Here we show that the endocranial capacities 
of extinct dwarf species of hippopotamus from Madagascar are up 
to 30% smaller than those of a mainland African ancestor scaled to 
equivalent body mass. These results show that brain size reduction 
is much greater than predicted from an intraspecific ‘late onto- 
genetic’ model of dwarfism in which brain size scales to body size 
with an exponent of 0.35. The nature of the proportional change or 
grade shift”> observed here indicates that selective pressures on 
brain size are potentially independent of those on body size. This 
study demonstrates empirically that it is mechanistically possible 
for dwarf mammals on islands to evolve significantly smaller brains 
than would be predicted from a model of dwarfing based on the 
intraspecific scaling of the mainland ancestor. Our findings 
challenge current understanding of brain—body allometric rela- 
tionships in mammals and suggest that the process of dwarfism 
could in principle explain small brain size, a factor relevant to 
the interpretation of the small-brained hominin found on the 
Island of Flores, Indonesia‘. 

Brain tissue is energetically expensive, and it has been suggested 
that a decrease in brain volume may be advantageous to an animal’s 
survival under the environmental conditions associated with 
islands*”*. This phenomenon, if real, can be difficult to test because 
not only are most examples of dwarf island mammals extinct and 
known only from incomplete subfossil material, but knowledge of 
the founding ancestor can also be difficult to ascertain. The strongest 
case previously documented is that of a fossil bovid Myotragus, iso- 
lated on the Mediterranean island of Majorca for more than 5 Myr 
(refs 4, 9). The brain mass of Myotragus was decreased by up to 50% 
relative to those of extant bovids of equivalent body mass*. However, 
a link between the relatively small brain of Myotragus and the process 
of dwarfism has been disputed'®"' in the light of the length of the 
bovid’s isolation and its uncertain ancestry’. 

One aspect of the continuing debate'*""* over whether the small- 
brained hominin discovered on the Island of Flores, Indonesia®, 
evolved by insular dwarfism centres on scaling exponents between 
brain and body size’®"'. For predicting the brain size ofa mammal at a 
smaller body size, these ‘intraspecific’ scaling models are the most 
appropriate to accommodate the likely correlated effects of body size 
adjustment on brain size in closely related species'®'>'® (see 
Supplementary Discussion). However, here we show that two species 
of extinct dwarf hippopotamus do not correspond to such dwarfing 
models because even though the same scaling exponents relating 
brain size to body size apply, large intercept shifts (grade shifts”) 


distinguish these ‘phyletic dwarfs’ from their mainland ancestor 
(Fig. 1, Supplementary Table 1 and Supplementary Discussion). 

To model the dwarfing process, we took the extant large H. amphi- 
bius, a generalized representative of the genus Hippopotamus, to be the 
probable ancestor of two recently extinct dwarfed hippos, H. lemerlei 
and H. madagascariensis, from the island of Madagascar'’ (see 
Supplementary Discussion). These species can be unequivocally 
separated taxonomically’ but both share apomorphies with the mod- 
ern genus Hippopotamus'®. The modern pygmy hippopotamus 
Choeropsis liberiensis represents a lineage distinct from all other 
hippopotamids, diverging from its closest relative before 5 Myr ago 
(ref. 18). Madagascar is a large island of diverse habitats that has 
prehistorically supported up to three species of hippopotamus”, 
whose times of dispersal to Madagascar are unknown but whose 
remains persist to within the past 6,000 years”. 

Brain—body scaling trends in hippos can be inferred from the rela- 
tionship of brain to cranial size, because the relation between a volu- 
metric estimate of cranial size and a postcranial estimate of body mass 
across the two living hippos and the Madagascan dwarf species is 
approximately isometric (Supplementary Figs 3-7, Supplementary 
Table 4 and Supplementary Discussion). Predictions of decrease in 
brain size given in Table 1 are thus based on observed cranial size data 
and not on estimates of body mass (the latter are provided for contex- 
tual purposes only). In Table 1 we evaluate predictions of brain—body 
scaling in insular dwarf hippos and a dwarf elephant by considering 
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Figure 1| Relationship between brain size and cranial size for an 
intraspecific ‘late ontogenetic’ model of dwarfing. Major axis slopes (95% 
confidence intervals): thin line, H. amphibius, 0.3482 (0.28-0.41); thick line, 
H. lemerlei, 0.369 (0.15—0.63); dashed line, H. madagascariensis, 0.4587 
(0.20-0.79). Filled diamonds, H. amphibius (n = 33); filled triangles, 

H. lemerlei (n = 12); open triangles, H. madagascariensis (n = 12); crosses, 
C. liberiensis (n = 6). For statistical comparisons see Supplementary Table 1. 
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Table 1| Estimates of brain size based on dwarfing models 


Species Body mass* (kg) Endocranial capacity (cm?) Prediction of endocranial capacityt 


Late ontogenetic scaling 
544 (62%) 


553 (63%) 
421 (48%) 


Ontogenetic scaling8 
456 (52%) 


465 (53%) 
334 (38%) 


374 (25%) 
393 (26%) 
228 (ref. 19) (15%) 


380 (43%) [70%, 83%] 
421 (48%) [76%, 91%] 
350 (40%) [83%, 105%] 
200 (ref. 22) (2%) 1,800 (20%) [80%, 125%] 2,250 (25%) 1,440 (16%) 
100 (ref. 23) (1%) 1,800 (20%) [100%, 167%] 1,800 (20%) 1,080 (12%) 


Values in parentheses are expressed as a percentage of the original mean value of the mainland ancestor (H. amphibius for the Malagasy hippos, and P. antiquus for P. falconeri) or, for C. liberiensis, the 
larger sister taxon (H. amphibius) (see Table 2). For endocranial capacity, numbers in square brackets indicate the observed values as a percentage of those predicted on the basis of the ‘late 
ontogenetic’ and ‘ontogenetic’ scaling models, respectively. For example, the endocranial capacity of H. lemerlei is decreased by 30% of the value predicted by the late ontogenetic model 
(endocranial capacity = 70% of predicted value), whereas the endocranial capacity of H. madagascariensis is decreased by 24% of the value predicted by the late ontogenetic model (endocranial 
capacity = 76% of predicted value). The scaling exponents (k) are modelled from H. amphibius postnatal cranial data (Supplementary Table 1). The Malagasy hippo body masses are estimated 
assuming isometry to cranial volume of the ancestor using an adult body mass of 1,495 + 29.5 kg for H. amphibius (see Supplementary Discussion, and Table 2 for limb-bone estimates of body mass). 
P. falconeri brain size reduction is estimated from both cranial size (50-fold smaller than the ancestor**) and an estimate of body mass (100-fold smaller?*) (P. antiquus has an approximate average 


Hippopotamus lemerlei 

Hippopotamus madagascariensis 

Choeropsis liberiensis 

Palaeoloxodon falconeri (scaled to cranial size) 
Palaeoloxodon falconeri (scaled to body mass) 


mass of 10 tonnes, estimated from limb-bone data in ref. 25 and P. Davies, unpublished observations). 


* Malagasy hippo estimates based on cranial size. 

+ Based on intraspecific dwarfing models using cranial size. 

tk = 0.35: late phase of brain growth in the age range 2-40 years. 

8 k = 0.47: early and late phases of brain growth in the age range O-40 years. 


two intraspecific dwarfing models: ‘late ontogenetic’ and ‘onto- 
genetic’. In mammals that commonly dwarfed on islands, such as 
hippos, elephants and deer (see Supplementary Discussion), all of 
which have precocial young, there is generally thought to be a transi- 
tion from rapid to slow growth of the brain that closely coincides with 
birth*'>'®. In H. amphibius, however, the rapid early phase of brain 
growth continues after birth for up to 2 years (Supplementary Fig. 1). 
The ‘late ontogenetic exponent (0.35) in this context is calculated 
from the late, slower phase of postnatal brain growth (2-40 years) 
and not just from static adult data. This distinction is important, 
because the ‘growth’ as opposed to the ‘static adult’ exponent will best 
characterize the size adjustments (developmental allometry) associ- 
ated with the late phase of brain maturation’. However, because all 
late postnatal brain development in mammals typically involves a low 
exponent value (0.2-0.4 for intraspecific brain—body scaling)’, ‘late 
ontogenetic’ exponents should be similar to, or only moderately higher 
than, those derived from static adult data (see Supplementary 
Discussion). The higher ‘ontogenetic’ exponent (0.47) is derived from 
acomplete postnatal series from birth to adulthood in which rapid and 
slow growth phases are combined. 

If the endocranial capacity of H. lemerlei scaled as (cranial size 
in accord with the ‘late ontogenetic’ model (Fig. 1 and Supplementary 
Table 1), an endocranial capacity of 544 cm? would be predicted; that 
is, 62% of the value of an ancestor four times its cranial size (Tables 1 
and 2). The observed mean endocranial capacity of H. lemerlei is 
380 + 7.25cm*> (mean +s.e.m.; Table 2), 30% smaller than that 
predicted from the ‘late ontogenetic’ model (Table 1). The observed 
mean endocranial capacity of H. madagascariensis is 421 + 11.9 cm? 
(Table 2), 24% smaller than that predicted from the ‘late ontogenetic’ 
model (Table 1). The ‘ontogenetic’ model, in which the endocranial 
capacity of H. lemerlei would scale as (cranial size)°*’ (Fig. 2 and 
Supplementary Table 1), predicts a endocranial capacity of 456 cm’, 
52% of the value of the ancestor, but the observed endocranial capa- 
city is still 17% smaller than that predicted under this model, and in H. 
madagascariensis it is 9% smaller (Table 1). 

The Malagasy dwarf hippos do not correspond to either ‘intraspe- 
cific’ scaling model (Figs 1 and 2 and Table 1), indicating that ‘insular 


Nee. 


dwarfing’ does not necessarily comply with predictions based on the 
ontogenetic scaling of the mainland ancestor. The Malagasy dwarf 
hippos are roughly equivalent in body mass to a 1-2-year-old 
H. amphibius (353-544 kg), a stage in development that marks the 
completion of the first rapid phase of brain growth. In contrast, the 
extant pygmy hippopotamus (C. liberiensis), with a body mass one- 
sixth to one-eighth that of H. amphibius (ref. 19 and Table 2), has a 
mean endocranial capacity of 350 + 12.7 cm’, approximately equal 
to the values predicted from the ‘ontogenetic’ scaling model (Table 1) 
but reduced by 17% relative to the values predicted from the ‘late 
ontogenetic’ model (Table 1). The extant pygmy hippopotamus is 
not an insular dwarf*' and is phylogenetically more basal than H. 
amphibius, its only extant sister taxon’* (see Supplementary 
Discussion). Adult C. liberiensis has a body mass equivalent to a 
6-month-old H. amphibius (see Supplementary Discussion), a stage 
of development in which rapid early brain growth persists in the 
hippopotamus. In primates, too, a marked increase in relative brain 
size has been attributed to the prolongation of the rapid ‘prenatal’ 
phase of brain development’. In ‘phyletic dwarfs’ the opposite 
developmental adjustment, involving a decrease in the duration of 
rapid early brain growth, could potentially explain a ‘grade shift’ to a 
lower brain—body ratio, as demonstrated by the change in ratio of 
brain to cranial size in Fig. 1 (see Supplementary Discussion). 

A further example is provided by Palaeoloxodon falconer?>”’, the 
smallest insular dwarf elephant from Sicily and Malta, derived from 
the mainland P. antiquus**”. The brain of a modern elephant grows 
relatively little after birth (the brain ofa newborn elephant is 50% of its 
adult brain weight, whereas that of a common hippopotamus is 22% 
and that ofa human is 25%), indicating that rapid early brain growth 
is completed by the end of gestation. The adult P. falconeriis estimated 
to be approximately the size of a newborn modern elephant’, and 
hence brain mass is expected to scale to body mass with a ‘late onto- 
genetic’ exponent typical of a precocial mammal. With brain size 
scaled as (body mass)°*’, brain size matches the prediction of the ‘late 
ontogenetic’ model with a 100-fold estimated decrease in body mass 
(Table 1, second entry for P. falconeri; see also refs 10, 11). However, 
estimates of decrease in body mass in these elephants are imprecise, 


Table 2 | Endocranial capacities, cranial sizes and body masses for species in Table 1 


Species Endocranial capacity (cm?) Adult cranial size (cm?) Body mass range (kg) 

H. amphibius 882 + 16 (n= 18) 52,533 + 1,657 (n= 20) 1,210-2,001* 

H. lemerlei 380 + 7.25 (n= 24) 13,298 + 810 (n= 12) 274-393 

H. madagascariensis 421 +11.9 (n=12) 13,948 + 751 (n= 12) 310-642 

C. liberiensis 350 + 12.7 (n=6) 6,524 + 338 (n= 6) 180-275 (ref. 19) 

P. antiquus 9,000 (ref. 22) (n= 1) 311,000 (ref. 22) (n= 1) 5,055-17,675 (ref. 25) 
P. falconeri 1,800 (ref. 22) (n= 1) 6,120 (ref. 22) (n = 1) 80-200 (refs 22, 23) 


The endocranial capacity and cranial size (volumetric estimate) data for all species of hippopotamus were collected as part of this study (see Methods). The elephant cranial data are from ref. 22. 
Observed ranges of adult body mass are given for the extant species (see Supplementary Discussion), and estimates based on postcrania are given for the extinct species (see Supplementary Table 4 


for Malagasy hippo data, and Supplementary Discussion). Results are given as means + s.e.m. 
* See Supplementary Discussion. 
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Figure 2 | Relationship between brain size and cranial size for an 
intraspecific ‘ontogenetic’ model of dwarfing. Major axis slopes (95% 
confidence intervals): thin line, H. amphibius, 0.468 (0.44—0.50); bold line, 
dwarf species pooled, 0.454 (0.27—-0.67). Filled diamonds, H. amphibius 

(n = 37); filled triangles, H. lemerlei (n = 12); open triangles, H. 
madagascariensis (n = 12); crosses, C. liberiensis (n = 6). For statistical 
comparisons see Supplementary Table 1. 


especially given the magnitude of the dwarfing (Table 2). Cranial 
volume, determined by direct measurement”, is reduced only 50-fold, 
and when scaled as (cranial volume)°**, P. falconeri would have an 
endocranial capacity (2,250cm*) 25% of the original value of its 
ancestor (P. antiquus) 50 times its size (Tables 1 and 2). The actual 
endocranial capacity of P. falconeri is 1,800 cm’ (ref. 22), 20% smaller 
than the value predicted from this ‘late ontogenetic’ model (Table 1, 
first entry for P. falconeri), in line with our results on the dwarf hippos. 
This discrepancy between the predictions based on cranial size”” and 
those based on estimates of body mass**”° in these elephants gives 
grounds for caution in the use of the latter for the interpretation of 
brain-size scaling (see refs 7, 10, 11). 

One argument put forward to rebut the idea that the small brain of 
H. floresiensis was linked to the process of insular dwarfism was that 
its small brain size could not be accommodated within predictions 
made from mammalian intraspecific brain—body scaling models'®"’. 
Here we show empirically that it is mechanistically possible for dwarf 
mammals on islands to evolve significantly smaller brains in relation 
to their cranial size than would be predicted from models of dwarfing 
based on intraspecific scaling of the mainland ancestor. If the hippo 
model is applied to a typical H. erectus ancestor with a body mass of 
60 kg (refs 10, 11, 26) and average endocranial capacity of 991 cm? 
(refs 10, 11, 27) that reduced its body mass by 62% to 23kg (the 
median of the 16-29 kg estimated body mass of H. floresiensis)°, an 
endocranial capacity of 704 cm?® (71% of the original value) would be 
predicted from scaling as (body mass)°*». If the brain size were 
decreased by a further 30% of that value, as in the Malagasy hippo, 
H. lemerlei, an endocranial capacity of 493 cm? would result. This is 
still larger than the actual value of H. floresiensis (380-430 cm*)*°”s, 
but if the ancestor had an endocranial capacity of 804 cm’, as in the 
African H. erectus KNM-ER 3883 (ref. 27), scaling the body mass of 
the ancestor down to 23 kg and then decreasing the brain size by a 
further 30% of the scaled value gives an endocranial capacity of 
405 cm°, comparable to that of H. floresiensis (see Supplementary 
Table 5). By the same analogy, if the Dmanisi adult Homo remains 
(skull D3444 cf. H. erectus)”, with an endocranial capacity 650 cm* 
(ref. 29) and body mass of 40 kg (ref. 30) are considered, an endo- 
cranial capacity of 378 cm* would result, a value close to that of H. 
floresiensis (see Supplementary Table 5). If cranial variables are used 
instead of body mass for scaling the endocranial capacity of these 
hominins, as in the hippo example, a similar result is obtained (see 
Supplementary Table 5). 
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Similar shifts in intercept to those illustrated in Fig. 1 have been 
reported from domesticated mammals that on average have smaller 
brains than their wild relatives'®. Domesticated mammals provide 
proof of the developmental malleability of the brain among closely 
related species or within species, but there are some noteworthy 
distinctions between the phenomena of domestication and island 
dwarfism. The decrease in brain size of domestic mammals is not 
necessarily associated with decrease in body size, as it is in phyletic 
dwarfism, and domestication is usually associated with a decrease in 
the size of the sense organs’®. H. floresiensis, unlike the bovid 
Myotragus and domesticated mammals, does not have reduced orbital 
dimensions"', although such skeletal variation does not necessarily 
correlate with the actual size of the sense organ. This is also evident 
in the Malagasy hippos, in which orbit area is actually larger in the 
dwarf hippos relative to H. amphibius (Supplementary Fig. 2). A 
pathological explanation for this condition in the Malagasy species 
can be ruled out through the existence of more than 40 individual 
dwarf hippo specimens with intact braincases (Supplementary Table 
2). Whatever the explanation for the tiny brain of H. floresiensis 
relative to its body size, the evidence presented here suggests that 
the phenomenon of insular dwarfism could have played a part in its 
evolution. 


METHODS SUMMARY 


A cross-sectional postnatal series of crania of H. lemerlei, H. madagascariensis, 
H. amphibius and C. liberiensis (see Supplementary Tables 2 and 3) was digitized 
with a MicroScribe G2 and inter-landmark distances were calculated to compute 
a volumetric measure of the entire cranium. Endocranial capacity was used as a 
surrogate for brain size. Exponents derived from brain—body allometric scaling 
relationships in mammals are widely applied in analyses of relative brain size’, 
but here brain size has been regressed against cranial volume. Supplementary 
data are provided demonstrating that results generated from estimates of body 
mass are similar to those reported for cranial size (see Supplementary Figs 3-7 
and Supplementary Discussion). The data and procedure used to determine 
body mass estimates from Malagasy dwarf postcrania are given in 
Supplementary Table 4 and in the Supplementary Discussion. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Sample size. The number of specimens included in different analyses is not 
constant as a result of missing data (MD); all relevant landmarks were not 
preserved on every specimen studied, and endocranial capacity could not be 
measured accurately on some specimens as a result of braincase damage or poor 
state of preservation (see Supplementary Tables 2 and 3). Sample sizes were: 
H. lemerlei, n= 29 (17 with MD); H. madagascariensis, n= 19 (7 with MD); 
H. amphibius, n = 50 (13 with MD); C. liberiensis n = 7 (1 with MD). 
Estimation of cranial volume. A volumetric measure of the entire cranium was 
computed from the product of three variables: cranial length (the posteriormost 
point of the nuchal crest to the mesialmost point of the first incisor socket), 
cranial width (zygion to zygion) and cranial height (akrokranion (the median 
dorsal point of the occipital region) to basion). The static adult samples used to 
derive values given in Table 2 include specimens from dental ‘Age Group XT and 
above (see Supplementary Tables 2 and 3 and Supplementary Discussion). 
Estimation of endocranial capacity. Endocranial capacity, the volume of the 
endocranial cavity, was measured by pouring precision plastic (polypropylene) balls 
5.5mm in diameter into the braincase cavity (after the large foramina had been 
plugged with plastazote foam), and then decanting the balls into a measuring cylinder. 
Analysis of relative brain size. Brain size in mammals scales allometrically with 
body size and is described by the bivariate power function 


nature 


y = bx 
or, after logarithmic transformation, by the linear equation 


log y= klog x + log b 


where y and xare variables, and k (exponent expressing slope) and b (y intercept) 
are constants. Slopes were determined by major-axis and least-squares regression 
(see Supplementary Table 1), but major-axis values define kin Table 1. In view of 
the absence of associated data on body mass for a growth series of modern H. 
amphibius skeletons, an analysis of cranial size versus global skeletal size (an 
estimate of body mass determined from postcranial evidence) has been provided 
in Supplementary Material (see Supplementary Discussion). For the subfossil 
taxa, body mass values were estimated from crania or from unassociated skeletal 
elements (see Supplementary Table 4 and Supplementary Discussion). The 
endocranial cavity (used to represent brain size), forms part of the cranium; 
cranial size is therefore a conservative estimator of change that can be measured 
directly from both fossil and modern material, and in hippos it is a good proxy 
for body size (see Supplementary Discussion). 
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Decision-related activity in sensory neurons reflects 
more than a neuron’s causal effect 


Hendrikje Nienborg’ & Bruce G. Cumming’ 


During perceptual decisions, the activity of sensory neurons cor- 
relates with a subject’s percept, even when the physical stimulus is 
identical’°. The origin of this correlation is unknown. Current 
theory proposes a causal effect of noise in sensory neurons on 
perceptual decisions’”’, but the correlation could result from 
different brain states associated with the perceptual choice’ (a 
top-down explanation). These two schemes have very different 
implications for the role of sensory neurons in forming decisions". 
Here we use white-noise analysis’ to measure tuning functions of 
V2 neurons associated with choice and simultaneously measure 
how the variation in the stimulus affects the subjects’ (two maca- 
ques) perceptual decisions'*"*. In causal models, stronger effects of 
the stimulus upon decisions, mediated by sensory neurons, are 
associated with stronger choice-related activity. However, we find 
that over the time course of the trial these measures change in 
different directions—at odds with causal models. An analysis of 
the effect of reward size also supports this conclusion. Finally, we 
find that choice is associated with changes in neuronal gain that are 
incompatible with causal models. All three results are readily 
explained if choice is associated with changes in neuronal gain 
caused by top-down phenomena that closely resemble attention”. 
We conclude that top-down processes contribute to choice-related 
activity. Thus, even forming simple sensory decisions involves com- 
plex interactions between cognitive processes and sensory neurons. 

Considerable progress has been made in explaining the neuronal 
mechanisms underlying decision making'’, which is a major goal in 
systems neuroscience. For simple perceptual decisions, recent theory 
proposes that sensorimotor areas accumulate sensory evidence about 
the physical world, delivered by sensory neurons'”"”°*?, Noise in the 
sensory neurons causes variability in the behavioural response’”’, 
resulting in a covariation between the neuronal activity and the 
behaviour'”. (We note that this causal effect of noise in the sensory 
representation has only been invoked for sensory areas, not for 
sensorimotor areas.) However, this covariation could also result from 
top-down effects'® in which brain states”* that are associated with one 
behavioural response also alter the response of the sensory neurons. A 
third (bottom-up) possibility is that sensory neurons that themselves 
have no causal effect on the decision are correlated with sensory neu- 
rons that do have a causal effect. These schemes have markedly 
different implications for the role of sensory neurons in forming 
decisions. Sensory neurons either only encode the physical stimulus 
or simultaneously form an integral part of the mechanism used by the 
brain to decode the sensory information. To distinguish between these 
views, we combined the measurement of choice-related activity in 
disparity selective V2 neurons in a disparity-discrimination task, with 
a stimulus that permitted the use of white-noise analysis. This allowed 
the simultaneous application of ‘subspace mapping’'’, to describe 
how disparity affects the neuronal response (‘disparity subspace 
map’), and ‘psychophysical reverse correlation’'*, to extract a kernel 


describing how disparity affects the subjects’ perceptual choices. This 
comprehensive data set enables us to differentiate among these 
schemes. 

Two macaque monkeys performed a coarse disparity-discrimination 
task (Fig. 1) while we recorded extracellularly from disparity-selective 
neurons in their visual areas V2. The stimulus, a circular random dot 
stereogram, contained a spatially uniform binocular disparity that 
varied randomly on each video frame. At the end of each trial the 
monkeys reported in a forced choice task whether the stimulus 
appeared near (‘near’ choice) or far (‘far’ choice). We exploited this 
random variation to perform psychophysical reverse correlation'®'’, 
and simultaneously to measure neuronal subspace maps" for disparity. 

First we examined how the monkeys weight the disparity signal in 
the stimulus to form their decision’®. We calculated the difference 
between the average stimulus preceding the monkeys’ ‘near’ choices 
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Figure 1| Methods. a, Sketch of the sequence of events during one trial. 
b, Example time series of the stimulus. c, Probability mass distributions of 
the stimuli for one experiment (probability as a function of disparity), with 
signal disparities of —0.3° and 0.15°. Each plot depicts one signal condition 
(negative percentages indicate near signal disparities). d, The monkey’s 
performance for this experiment (in percentage ‘near’ choices as a function 
of percentage added signal). 
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and the average stimulus preceding the monkeys’ ‘far’ choices. This 
‘psychophysical kernel’ measures the relative probability with which 
the disparity on any given frame occurred before the monkeys’ ‘near’ 
choice. The amplitude of the kernel decreased substantially over the 
course of the trial (Fig. 2a, b). (The Supplementary Information 
discusses the shape of the psychophysical kernel and shows that this 
linear analysis adequately captures the monkeys’ behaviour.) This 
means that the monkeys relied predominantly on the stimulus 
disparities at the start of the trial and progressively less so towards 
its end. If one considers neurons representing this sensory evidence, 
their activity early in the trial should have a stronger effect on the 
decision than activity late in the trial. Thus, if the choice-related 
activity reflected only the causal effect of the neuronal firing on the 
choice, the size of the choice-related activity should also decrease over 
time. This prediction follows directly from the fact that, in the causal 
explanation, choice-related activity is the effect of noise in the sensory 
evidence that is used to make a decision. 

To test this prediction, we quantified the choice-related signal as 
‘choice probability”®. (Choice probabilities were corrected for the 
stimulus-induced component; see Supplementary Information.) The 
time course of the choice-related signal in our data (Fig. 2c) is different 
from that predicted from the time course of the psychophysical data in 
the causal-only scheme. Choice probabilities were measured for 76 
neurons that had been recorded while the data for the psychophysical 
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Figure 2 | Psychophysical kernel and choice-related signal have different 
time courses. a, Psychophysical kernel (averaged over 76 experiments; 

n = 17,200 trials; two monkeys) as a function of disparity and time. Colour 
represents amplitude (in occurrences per frame). b, Normalized amplitude 
of the psychophysical kernels decreases over time. ¢, Averaged choice-related 
signal over time. Shaded grey areas in b and c, +1 standard error. d, The 
correlation coefficient, R, over time between choice probability (for 
individual neurons) and the amplitude of the mean psychophysical kernel, 
plotted against a neuron’s mean choice probability. Colour represents 
temporal integration time (Supplementary Methods); bold symbols, 
significant R (P < 0.05, by resampling); circles, data from monkey 1; squares, 
data from monkey 2. 
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kernel were gathered. For 57 of the 76 neurons, for which the choice 
probability was >0.5, we examined the mean choice probability as a 
function of time (Fig. 2c). Consistent with previous findings’, the 
choice probability plateaus after about 500 ms, which is quite unlike 
the statistically significant decrease in amplitude of the psychophysical 
kernel over time (correlation coefficient, r= —0.81; P< 10 7° 
between amplitude and time, over the second half of the trials). 
Although choice-probability time courses for individual neurons are 
noisy, we addressed the possibility that some neurons behave as if they 
play a causal role by computing the correlation coefficient, R, between 
the time course of the choice probability for each individual neuron 
and the time course of the average psychophysical kernel amplitude 
(Fig. 2d). We found a significant negative correlation between these 
coefficients and a neuron’s choice probability (r= —0.28, P< 0.05), 
indicating that neurons with high choice probabilities tended to show a 
negative correlation with the time course of the psychophysical kernel 
amplitude, as expected from the average data (Fig. 2b). This and other 
features of individual time courses (Supplementary Discussion) are at 
odds with the causal model. 

The fact that the results in Fig. 2 are incompatible with the causal- 
only account, suggests that choice probabilities are at least partly of 
non-causal, possibly top-down, origin. We therefore sought a 
signature of possible top-down mechanisms at the level of individual 
neurons. This could employ a mechanism, similar to attention, that 
characteristically alters the gain of sensory neurons’. To test this 
possibility, we designed our disparity-varying stimulus such that it 
permitted the measurement of subspace maps for disparity (Methods). 

These subspace maps quantify the effect of each disparity (in the 
stimulus with no added signal) on the neuron. Calculating subspace 
maps separately for stimuli associated with ‘near’ and ‘far’ choices 
quantifies any effects of choice on the neuronal response. Choice- 
related activity itself implies some difference between these subspace 
maps. If the difference is caused by a change in neuronal gain, the two 
subspace maps should be scaled versions of each other. Example 
subspace maps for one neuron (Fig. 3a, b) show that the gain of this 
neuron increased by 84%, whereas the additive change was close to 0 
(—0.032 spikes per frame). A second example shows a more typical 
gain increase (18%; y offset, 0.005 spikes per frame; Fig. 3c, d). 

The distribution of relative gain change as a function of choice 
probability demonstrates that choice probabilities are associated with 
choice-related changes in neuronal gain (n = 76, r= 0.44, P< 10°* 
(monkey 1: n = 42, r= 0.54, P< 0.001; monkey 2: n = 34, r= 0.32, 
P< 0.07); Fig. 3e). The geometric mean of the relative gains was 1.16 
(1.17 and 1.15 for monkeys 1 and 2, respectively), which is signifi- 
cantly different from 1 (P< 0.001, by resampling). Conversely, there 
was no systematic relationship between the y offset and the choice 
probability (r= 0.03, P=0.77 (monkey 1: r= —0.18, P= 0.25; 
monkey 2: r= 0.18, P= 0.31); mean offset, —0.03 spikes per frame; 
Fig. 3f). Thus, it is the choice-dependent change in response gain that 
explains the difference in mean response rate between preferred and 
null choices. A modest gain change could arise, even in the causal 
account of choice probability, from the firing properties of cortical 
neurons (for example Poisson spiking™). A shuffling technique 
showed that this effect was too small to account for the observed gain 
changes (Supplementary Information). 

The gain change suggests the operation of a mechanism similar to 
feature-selective attention!’, but which varies from trial to trial. This 
could arise in several ways. First, as the decision is formed, a signal 
altering the neuronal gain may be sent back to those neurons support- 
ing this decision. Alternatively, this gain change may implement a 
perceptual working memory”, or a perceptual bias/expectation: 
attending to near features increases the response gain of near-prefer- 
ring neurons and thus makes a ‘near’ response more likely. 

An additional feature of our data provides evidence that at least the 
latter mechanism operates. The reward size depended systematically 
on the animals’ performance (Methods). This performance was better 
in trials for which a large reward was available (Fig. 4a and 
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Figure 3 | Choice-dependent gain change. a, Subspace maps for preferred 
(red) and null (blue) choices superimposed (neuron d1456). Dashed lines: 0° 
disparity, 0 spikes per frame. b, Null-choice responses plotted against 

preferred-choice responses, yielding relative gain (slope, 1.84) and additive 
change (y offset, —0.032 spikes per frame). Dashed lines: unit relative gain, 0 
spikes per frame. c, d, Same format as in a and b for neuron d1394, the slope 
(1.18) and y offset (0.005 spikes per frame) of which resemble the population 


Supplementary Information), indicating that animals used more 
information about the stimulus when reward size was large. It allows 
us to further test causal explanations for choice probability: when the 
animal uses more stimulus-derived information, choice probability 
should be larger. Contrary to this prediction, we found that choice 
probabilities were significantly smaller for trials in which a large 
reward was available (P< 0.006, paired ttest; Fig. 4b). This result 
can be explained by assuming that the animal has some bias (or 
expectation) at the start of each trial (regardless of reward size), and 
that this bias engages our proposed top-down mechanism. When the 
available reward is small and the monkeys make less use of the sensory 
input (as demonstrated by the psychophysical kernel; Fig. 4a), the bias 
will have a stronger impact on the behavioural response. Conversely, 
when a large reward is available, the improved performance implies 
that any initial bias is more likely to be overridden by the evidence 
provided by the visual stimulus. Hence, any component of choice 
probability reflecting a top-down effect of bias will be smaller in 
large-reward trials when the decision is more strongly driven by the 
actual stimulus and less by the monkey’s initial bias. 
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Figure 4 | Reward size affects behaviour and choice-related signal. 

a, Psychophysical kernel as a function of disparity and available reward, in 
occurrences per 1,000 ms, averaged over the first (left panel) and second 
(right panel) 1,000 ms of each trial (n = 6,886 trials for large reward (red); 
n = 10,314 trials for small reward (blue)). Improved performance is mainly 
caused by there being a larger psychophysical kernel in the first 1,000 ms of 
the trials (kernel difference P< 0.001, by resampling), but not the second 
half (difference not significant). Error bars, standard errors (by resampling). 
b, Choice probability computed for the first 1,000 ms of the trials was larger 
when a smaller reward was available (P < 0.006, n = 76). Dashed line: unit 
slope. 


mean. Error bars in a—d, standard errors (by resampling). e, Slope and choice 
probability are correlated. Filled and open symbols respectively represent 
cells with and without significant choice probability. Circles, data for 
monkey 1 (M1); squares, data for monkey 2 (M2). Dashed lines: 0.5 choice 
probability, unit relative gain. f, There is no correlation between y offset and 
choice probability (symbols as in e). Dashed lines: 0.5 choice probability, 0 
spikes per frame. Error bars in e and f, median standard error. 


Our results provide three lines of evidence against the view that 
decision-related activity in sensory neurons reflects only the causal 
effect of neuronal noise on sensory decisions. First, the time course of 
the decision-related signal was incompatible with that predicted 
from the behavioural data in the causal-only scheme. Second, larger 
rewards systematically improved the animals’ behaviour, but 
reduced choice probability, a result opposite to the expectation from 
causal explanations. Finally, choice probabilities were associated with 
choice-dependent gain changes larger than could be explained in the 
causal scheme. All three phenomena follow naturally from a top- 
down scheme in which the animals’ perceptual state alters the res- 
ponse of sensory neurons. An alternative explanation is that neurons 
which do not contribute to the decision show choice probability 
because they are correlated with neurons that do contribute. Such 
a scheme, if sufficiently rich, may explain the data without invoking a 
top-down mechanism (Supplementary Discussion), but nonetheless 
abandons the principle that choice probabilities reflect only the 
causal effect of sensory noise upon decisions. Given that the 
choice-dependent gain changes we observe are characteristic of 
top-down mechanisms such as attention, our top-down scheme is 
the most parsimonious. 

Changes in neuronal gain may facilitate the decoding of neuronal 
populations by appropriately weighting relevant neurons’**’. 
Implementing such a decoding mechanism at the level of sensory 
neurons allows the brain extraordinary flexibility to perform sensory 
decisions in different circumstances. Here we have shown that these 
gains vary with a subject’s choice, within a fixed task. This gain change 
could implementa perceptual bias or expectation (attending to near or 
far features), and could also follow the formation of a decision. It may 
serve to promote perceptual stability in the presence of ambiguous” or 
noisy sensory signals. Whether it reflects an expectation or a post- 
decision signal, our data suggest that even simple sensory decisions 
involve top-down mechanisms that combine cognitive processes and 
the sensory representation in previously unreported ways. 


METHODS SUMMARY 

All procedures were performed in accord with the US Public Health Service 
policy on the humane care and use of laboratory animals and all protocols were 
approved by the National Eye Institute Animal Care and Use Committee. We 
recorded extracellular activity from disparity-selective single V2 units while two 
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monkeys (Macaca mulatta) performed disparity discrimination. Upon fixation, 
a stimulus was presented for 2s and followed by two choice targets. After a 
saccade to the correct target, the monkeys received a liquid reward. Stimuli were 
dynamic random dot patterns: a disparity-varying centre (disparity changed 
randomly on each frame; 96-Hz frame rate) and a surrounding annulus at 0°. 
The centre disparity was chosen from a set of evenly spaced disparity values 
centred around 0° (encompassing the preferred and null disparity of each neu- 
ron). We introduced a detectable signal by increasing the probability of occur- 
rence of one disparity within some trials. These signal disparities approximately 
matched each neuron’s preferred and null disparity. Signal trials served only to 
control behaviour: all analyses were restricted to trials with no signal added. 

Psychophysical kernels were computed as the difference in the respective 
mean stimulus matrices before ‘near’ and ‘far’ choices. The average kernel was 
a weighted average of the kernel for each experiment for which neuronal data 
were included. Choice probabilities were obtained as described previously”®, but 
corrected for the stimulus-induced component (Supplementary Information). 
For the subspace analysis, the average response of each neuron following one 
frame of a given disparity, d;, was computed as a spike density function, S(t). We 
calculated the total number of spikes elicited by one frame of disparity d; as the 
sum of the overall mean number of spikes per frame and the integral of 
the deviation of S(t) about this mean. Analysing the trials separately according 
to the monkeys’ choice yield subspace maps for each choice. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Task-and-reward regimen. Two monkeys were trained in a binary, forced- 
choice disparity-discrimination task (Fig. la). They judged whether the central 
stimulus region appeared in front or behind the surrounding annulus. Trials 
started upon fixation (within 0.5° ofa fixation marker), initiating a 2-s stimulus 
presentation followed by the appearance of two choice targets (respectively 3° 
above and below the fixation marker). If the monkeys indicated their decision by 
a saccade to the correct choice target within 500 ms of the stimulus disappear- 
ance, they received liquid rewards. If the monkeys made correct choices on three 
consecutive trials, the reward on the fourth and on all subsequent correct trials 
was approximately three times its normal size, until the monkey made an error. 
After an error, the reward size was reset to its normal size. 

Recordings. We recorded extracellular activity from disparity-selective single 
units in these monkeys’ visual areas V2, as described previously*”°. Both animals 
were implanted with scleral search coils in both eyes*', head-fixation posts and a 
recording chamber under general anaesthesia. Positions of both eyes (for 17 of 58 
neurons for monkey 2, signals were available only for one eye) were measured with 
a magnetic scleral search system (CNC Engineering) and digitized at 800 Hz. The 
monkeys viewed the stimuli on EIZO Flexscan F980 monitors in a Wheatstone 
stereoscope configuration (89-cm viewing distance). All procedures were 
performed in accord with the US Public Health Service policy on the humane 
care and use of laboratory animals and all protocols were approved by the 
National Eye Institute Animal Care and Use Committee. 

Stimulus. All stimuli were circular, dynamic, random dot stereograms (50% 
black and 50% white dots of 99% contrast; dot density, generally 40%; dot size, 
0.09° X 0.09°). Each random dot stereogram had a disparity-varying centre (3-5° 
in diameter) and a 1—2°-wide surrounding annulus at 0° disparity (Fig. 1b). On 
each frame, all centre dots had the same disparity, but this disparity value changed 
randomly from frame to frame (96-Hz frame rate). For the condition with no 
added signal, the disparity on each frame was drawn at random from a uniform 
distribution of discrete, equally spaced disparities (symmetrical about 0° disparity 
(central plot in Fig. 1c), encompassing the preferred and the null disparity of each 
neuron). Signal disparities (always one near and one far disparity) approximately 
matched the preferred and null disparities of the neuron. Disparity signal was 
introduced by increasing the probability of the signal disparity on each frame 
(Fig. Ic). 

Psychophysical reverse correlation. Only trials with no added signal were 
included in the analysis. Each stimulus trial was summarized in a two-dimensional 
matrix in which each row corresponds to one disparity and each column to one 
stimulus frame. For each column in this matrix, there is one entry that is 1, 
corresponding to the disparity on this frame, and all other entries are 0. We then 
computed the average matrices preceding the monkey’s ‘near’ and ‘far’ choices. For 
each of the 200 stimulus frames, the resulting values correspond to the probabilities 
with which each disparity preceded a ‘near’ choice or a ‘far’ choice, respectively. 
This yields a two-dimensional (time versus disparity) probability distribution. The 
difference between the probability distributions preceding ‘near’ choices and 
‘far’ choices defined the psychophysical kernel for each experiment. (Negative 
disparities were defined as near.) 
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The kernel shapes change little between monkeys or as a function of the signal 
disparities (Supplementary Fig. 2). We therefore collapsed all the data into a single 
psychophysical kernel to maximize the temporal resolution. The average psycho- 
physical kernel (Fig. 2a) was obtained for all experiments for which the simulta- 
neously recorded neurons passed the inclusion criteria. Because the disparity 
range was adjusted for each neuron, the psychophysical kernel for each experi- 
ment was weighted by the number of disparity values included in this experiment 
(this ranged between 5 and 13 disparity values) and by the number of trials for this 
experiment. Only data for disparity values (—0.4°, —0.3°, ..., 0.4) were included 
in this average. 

As an estimate of the amplitude of the psychophysical kernel, we computed 
the inner product of the time-averaged psychophysical kernel and the psycho- 
physical kernel (temporally smoothed, 93-ms boxcar window) for each 10-ms 
bin, and normalized this inner product by its overall mean. Confidence intervals 
for all measures were derived by resampling. 

All analyses were based on the linear kernel of the psychophysical data. 
Consistency analyses (Supplementary Information) showed that this linear kernel 
provides an excellent description of the monkeys’ behaviour. Further analyses 
indicated that second-order interactions were negligible (Supplementary 
Information). 

Subspace analysis. The analysis was based on all trials with no added signal. First, 
the average response of each neuron following one frame of a given disparity, d,, 
was computed as a spike density function, S;(t), smoothed using a 10-ms boxcar 
window (coloured solid lines in Supplementary Fig. 3a). As an estimate of the 
impact of one frame of disparity d; on the firing rate of the neuron, we calculated 
the total number of spikes, s;, elicited by one frame of d;. This metric corresponds 
to the sum of the mean number of spikes per frame, y (black line in 
Supplementary Fig. 3a) and the integral of the deviation of S,(¢) around this mean: 


sj =U+ | sco —sat 


We plot the disparity subspace map, s;, as a function of d; in Supplementary Fig. 
3b. Performing this analysis on the trials separated according to the monkeys’ 
choice yields the subspace maps separated by choice (Fig. 3a, c). To quantify the 
choice-dependent modulation in tuning, we plotted the responses in the null- 
choice trials against those in the preferred-choice trials (Fig. 3b, d), and estimated 
(using type II regression) the slope (gain change) and the y offset (additive 
change). We note that because the spike density function is a mean rate calculated 
separately for each choice, variations in the disparity content of the stimulus that 
are associated with choice will not produce differences in the subspace maps. 
Analysis of choice probabilities. Choice probabilities were obtained for all trials 
with no added signal as described previously**®. As the psychophysical kernel 
demonstrates, there are systematic differences in the stimuli preceding the monkeys’ 
choices. Choice probabilities were corrected for this stimulus-induced component 
(Supplementary Methods). 


30. Cumming, B. G. & Parker, A. J. Binocular neurons in V1 of awake monkeys are 
selective for absolute, not relative, disparity. J. Neurosci. 19, 5602-5618 (1999). 

31. Judge, S. J., Richmond, B. J. & Chu, F. C. Implantation of magnetic search coils for 
measurement of eye position: an improved method. Vision Res. 20, 535-538 (1980). 
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Compound vesicle fusion increases quantal size 
and potentiates synaptic transmission 


Liming He’*, Lei Xue'*, Jianhua Xu’, Benjamin D. McNeil’, Li Bai’, Ernestina Melicoff*, Roberto Adachi* 


& Ling-Gang Wu’ 


Exocytosis at synapses involves fusion between vesicles and the 
plasma membrane". Although compound fusion between vesicles”* 
was proposed to occur at ribbon-type synapses*”®, whether it exists, 
how it is mediated, and what role it plays at conventional synapses 
remain unclear. Here we report the existence of compound fusion, 
its underlying mechanism, and its role at a nerve terminal contain- 
ing conventional active zones in rats and mice. We found that high 
potassium application and high frequency firing induced giant 
capacitance up-steps, reflecting exocytosis of vesicles larger than 
regular ones, followed by giant down-steps, reflecting bulk endo- 
cytosis. These intense stimuli also induced giant vesicle-like struc- 
tures, as observed with electron microscopy, and giant miniature 
excitatory postsynaptic currents (mEPSCs), reflecting more trans- 
mitter release. Calcium and its sensor for vesicle fusion, synapto- 
tagmin, were required for these giant events. After high frequency 
firing, calcium/synaptotagmin-dependent mEPSC size increase 
was paralleled by calcium/synaptotagmin-dependent post-tetanic 
potentiation. These results suggest a new route of exocytosis and 
endocytosis composed of three steps. First, calcium/synaptotagmin 
mediates compound fusion between vesicles. Second, exocytosis of 
compound vesicles increases quantal size, which increases synaptic 
strength and contributes to the generation of post-tetanic potentia- 
tion. Third, exocytosed compound vesicles are retrieved via bulk 
endocytosis. We suggest that this vesicle cycling route be included 
in models of synapses in which only vesicle fusion with the plasma 
membrane is considered’. 

We performed cell-attached capacitance recordings at the release 
face of calyces in brainstem (Fig. 1a)°. Brainstem slices were from rats, 
unless otherwise mentioned. Before KCl application (control), spon- 
taneous up-steps occurred at 0.008 + 0.001 Hz (n= 78 patches, 
Fig. la, see Methods). About 94% of up-steps were <220aF 
(mean = 84 + 4aF, n= 96 up-steps). The remaining 6% were 220- 
380aF (mean = 275 +22aF, n=6 up-steps, Fig. 1b). A regular 
vesicle’s capacitance is ~23—220 aF, because the vesicle diameter is 
~30-80 nm in calyces’, and the specific membrane capacitance is 
8-11 fF um (ref. 8). Thus, most up-steps in the control were caused 
by single vesicle fusion (see also ref. 6). 

KCl application (~50-—100 mM, unless mentioned) increased the 
up-step frequency to 0.16 + 0.02 Hz (n= 17 patches, Fig. la, see 
Methods). The up-step amplitude distribution and cumulative 
probability curve were shifted to the right, compared to control 
(Fig. 1b, Kolmogorov—Smirnov test, P< 0.001). The mean of all up- 
steps was 193+ 9aF (n= 857), or ~203% of control (95 + 5aF, 
n= 102, P<0.01). About 20% of up-steps were > 220 aF, a regular 
vesicle’s maximal capacitance (Fig. la, b), and were called ‘giant’ up- 
steps. Their mean was 571 + 37 aF (n= 174 up-steps) and the largest 


was 2,878 aF, or 34-40 times the mean of regular vesicles (73 aF in 
ref. 6, 84 aF here). Both the percentage and the mean size of giant up- 
steps were significantly higher than control (y* test and t-test, 
P<0.01). Even when up-steps between 100 and 220 aF were mea- 
sured, KCI significantly increased the amplitude from 133 + 6aF 
(n= 28) in control to 144 + 2 aF (n = 294, P< 0.05), suggesting com- 
pound fusion between 2-3 regular vesicles. Thus, up-step size increase 
was not limited to giant up-steps. 

Giant up-steps were not caused by dense-core vesicle fusion, as 
dense-core vesicles are rare in calyces’. Giant up-steps were not com- 
posed of multiple small up-steps, because, even when the time reso- 
lution was increased to 0.6—-0.9 ms, giant up-steps rose from 20% to 
80% in one step (n = 44 giant up-steps, 3 patches, Fig. 1a). In 6% of 
giant up-steps, we detected an initial fusion pore conductance (G,) of 
162 + 41 pS (n= 10 up-steps), which gradually increased for ~10- 
230 ms, and ended in rapid pore expansion (Fig. 1c). G, in remaining 
giant up-steps was too large or too fast to resolve (Fig. 1a). Most giant 
up-steps could not be explained by independent fusion of multiple 
vesicles, because the up-step frequency (~0.16 Hz) was too low to 
account for the observed large percentage (~20%) of giant up-steps 
(Supplementary Information II-1). Thus, giant up-steps reflect 
fusion of a single structure larger than regular vesicles. 

KCl application also increased the frequency of down-steps, which 
reflected endocytosis, from 0.006 + 0.002 Hz in control (n = 78 patches) 
to 0.10 + 0.01 Hz (n= 17 patches; P< 0.01, Fig. 1d), and shifted the 
down-step size distribution (Supplementary Information II-2) and 
cumulative probability curve to the right (Fig. le, Kolmogorov— 
Smirnov test, P< 0.01). The percentage (17%) and the mean amplitude 
(501 + 42 aF, n= 102 down-steps; range: 220—2,943 aF) of giant down- 
steps during KCl application were significantly higher than control (8%, 
¢ test, P< 0.01; 331 + 31 aF, n= 6, P<0.01). In 5% of giant down- 
steps, we detected an initial fission pore conductance of 376 + 113 pS 
(n= 5), corresponding to a pore with a diameter of 2.7 + 1.5 nm, which 
reduced at 36 + 11 pSms_' or 0.82 + 0.46 nm ms ' to an undetectable 
level (Fig. 1c). Thus, KCl induced more and larger giant down-steps, 
which reflect bulk endocytosis”. 

Endosome-like structures formed by bulk endocytosis may undergo 
exocytosis'*. For two reasons, this mechanism did not underlie giant 
up-steps. First, the first giant up-step occurred ~80s earlier than the 
first giant down-step after KCl application (n = 17 patches, P< 0.001, 
Fig. 1f, g), and was no later than the first regular-sized down-step 
(Supplementary Information II-3), suggesting that it was not caused 
by re-exocytosis of endocytic structures. Second, when calyces were 
whole-cell dialyzed with GDPBS (0.3 mM) to block endocytosis’’, the 
up-step frequency (0.24 + 0.07 Hz, n = 6 patches) and the percentage 
(28%) of giant up-steps were similar to those without GDPBS 


'National Institute of Neurological Disorders and Stroke, 35 Convent Drive, Building 35, Room 2B-1012, Bethesda, Maryland 20892, USA. *Department of Pulmonary Medicine, The 
University of Texas M. D. Anderson Cancer Center, 2121 West Holcombe Boulevard, Box 1100, Houston, Texas 77030, USA. 
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Figure 1| Giant capacitance up- and down- 
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(P > 0.08, for example, Fig. 1h), indicating that giant up-steps were not 
caused by re-exocytosis of endocytic structures. GDPBS indeed 
blocked endocytosis, because only 1 down-step was observed within 
300s of KCl application in 6 cell-attached patches showing up-steps 
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(Fig. 1h); whereas without GDPBS dialysis, down-steps were observed 
in all 17 patches showing up-steps (7° test, P< 0.01). 

Similar to KCl application, action potential trains at 100 Hz for 
10-20, as induced by current injection with another cell-attached 
electrode at the calyx (Fig. 2a, n = 5)", increased the up-step frequency 
from 0.011 + 0.011 Hz (before stimulation) to 0.465 + 0.078 Hz during 
stimulation (n = 6, P< 0.01) and to 0.040 + 0.018 Hz within 50 s after 
stimulation. Action potential trains induced a large number of giant up- 
steps (9 out of 56 up-steps during, 5 out of 11 up-steps after, Fig. 2a). 

Calcium binding with synaptotagmin II (Syt2) mediates evoked 
release at calyces’*. Two pieces of evidence suggest that calcium/Syt2 
mediates giant up-steps. First, after removing the extracellular calcium, 
giant up-steps were observed in 1 out of 21 patches during KCl applica- 
tion (Fig. 2b), which was significantly lower than control (17 out of 55 
patches, 7” test, P< 0.01). Thus, like regular up-steps®, calcium influx 
induced giant up-steps. Second, similar to results obtained in rats, in 
Syt2*'* mice, KCl increased the up-step frequency from 
0.003 + 0.001 Hz to 0.14+ 0.02 Hz (n= 11 patches, P< 0.001), the 
amplitude from 79 + 16 aF (n= 26) to 216 + 9 aF (n= 483, P<0.01), 
and the giant up-step percentage to 24% (Fig. 2c, d). Compared to these 
results, Syt2/~ calyces showed a higher up-step frequency at rest 


Figure 2 | Calcium/Syt2 mediates compound fusion. a, Left, up-steps were 
induced by current injection (1 nA, 3 ms, 100 Hz, 20s, bar) via another cell- 
attached patch at the same calyx. Dotted line indicates 220 aF. Arrows 
indicate sampled up-steps. Right, calyx cell-attached current injection (Ip,e) 
induced calyx action potentials and thus EPSCs from a synapse without 
postsynaptic neuron removal”. b, Im and Re in KC] with no extracellular 
calcium. ¢, Up-steps in control and in KCI from a Syt2*/* mouse. d, The up- 
step amplitude Prob.um in control (26 up-steps, 11 patches) and in KCl (483 
up-steps, 11 patches) from 8 Syt2t/* mice. e, f, Similar to ¢, d, but from 9 
Syt2-‘~ mice (control: 220 up-steps, 10 patches; KCI: 812 up-steps, 10 
patches). g, EM images of rat calyx in control and in KCI. h, The vesicle 
diameter Prob,,,,, in control (2,896 vesicles) and in KCl (2,040 vesicles) from 
6 rats. i, j, Similar to g, h, but from 4 Syt2! ~ mice (control: 1,298 vesicles; 
KCI: 1,053 vesicles). 
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(0.13 + 0.04 Hz, n= 10 patches, P<0.01) with a similar amplitude 
(80+ 5aF, n= 220, P>0.9, Fig. 2e, f). Only 5% of up-steps were 
>220 aF in Syt2 / ~ mice at rest, similar to results obtained in rats. In 
Syt2-'~ mice, KCl application slightly increased the up-step frequency to 
0.25 + 0.08 Hz (n= 10 patches, P< 0.05) without increasing the mean 
up-step amplitude (87 + 3 aF, n= 834, P> 0.2; Fig. 2e, f) or the giant 
up-step percentage (3.8%, y” test, P= 0.26). Thus, Syt2 mediated most 
KCl-induced up-steps, including giant ones. 

If calcium/Syt2-mediated giant up-steps reflect exocytosis of com- 
pound vesicles produced by compound fusion between vesicles**, KCl 
must induce Syt2-dependent giant vesicles and giant miniature EPSCs 
(mEPSCs). These predictions were tested as follows. First, at 1 min 
after KCl application, a time when giant down-steps reflecting bulk 
endcytosis rarely occurred (Fig. lf, g), electron microscopy (EM) 
revealed that the vesicle diameter increased from 47.2 + 0.4nm 
(n= 2,896 vesicles) in control to 57.8+0.9nm (n= 2,040 vesicles 
from 6 rats, P< 0.001, Fig. 2g, h). About 13% of vesicles had a dia- 
meter from 80 to >300 nm. These giant vesicles may have a membrane 
capacitance of ~220aF to >2,550 aF (ref. 8), agreeing with the giant 
up-step amplitude range (220-—2,878 aF, Fig. 1b). Similar results were 
observed at 1.5~2 min after KCI application in 4 rats and 4 Syt2*/* 
mice. Our observation of large organelles (see also ref. 10) made the 
occurrence of compound fusion physically possible. In Syt2~'~ mice, 
however, 1.5 min of KCl application did not increase the vesicle dia- 
meter, supporting the suggestion that Syt2 mediates compound 
fusion (control: 46.3+0.3nm, n=1,298 vesicles, 4 mice; KCl: 
47 + 0.5nm, n= 1,053 vesicles, 4 mice, P> 0.3, Fig. 2i, j). 

Second, KCl application for 2-3 min increased the mEPSC fre- 
quency from 0.72+0.18Hz to 6.37+40.6Hz (n=21 neurons, 
P<0.01), and the amplitude from 29.6+ 1.0pA to 44.9+2.3pA 
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(n= 21, P<0.01, Fig. 3a, b). The fraction of mEPSCs larger than a 
value between 50 pA and 200 pA was higher during KCl application 
than in control (n = 21 neurons, P< 0.01, Fig. 3b). The 10-90% rise 
time of mEPSCs >80 pA (0.35 + 0.01 ms) was slower than that for 
mEPSCs <80 pA (0.29 + 0.01 ms, n= 10 neurons, P< 0.01, Fig. 3c), 
consistent with simulation showing that larger vesicles generate larger 
and slower mEPSCs (Supplementary Information III-1). The mEPSC 
amplitude increase was due to a larger amount of released glutamate 
(Supplementary Information III-2), consistent with exocytosis of 
giant vesicles. AMPA receptor saturation by higher glutamate concen- 
trations might explain why KCl increased the mEPSC amplitude by 
only ~52%, but increased the up-step size by ~ 103% (Supplementary 
Information III-3). 

Two pieces of evidence indicated that calctum/Syt2 was required for 
KCl-induced increases of the mEPSC frequency and amplitude. First, 
removing extracellular calcium abolished KCl-induced increase of the 
mEPSC frequency and amplitude (n=5 cells, Fig. 3d). Second, in 
Syt2*’* mice (n= 4), KCI significantly increased the mEPSC frequency 
(control: 0.7 + 0.3 Hz; KCl: 7.8+0.7Hz, n=6 synapses, P< 0.01, 
Fig. 3e) and amplitude (control: 31.8 + 1. ApAs KCl: 46.6 + 3.7 pA, 
n= 6, P<0.01, Fig. 3f), whereas in Syt2-'~ mice (n = 6), KCI only 
slightly increased the mEPSC frequency (control: 13.9 + 3.1 Hz; KCI: 
18.8 + 2.9 Hz, n= 9, P< 0.01, Fig. 3g), but not the mEPSC amplitude 
(control: 34.6 + 1.1 pA; KCl: 35.3 + 0.9 pA, n= 9, P> 0.3, Fig. 3h). 

Giant up-steps after action potential trains (Fig. 2a) predicted giant 
mEPSCs. Indeed, action potential trains at 100 Hz for 4, 10 or 30s 
increased the mEPSC amplitude, and induced post-tetanic potentia- 
tion (PTP) of the EPSC’*"® (Fig. 4a, b). Longer trains induced larger 
increases (Fig. 4a, b). The PTP decay was fitted with a bi-exponential 
function, whereas the mEPSC amplitude potentiation decayed 


Figure 3 | KCI induces calcium/Syt2-dependent 
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approximately mono-exponentially (Fig. 4a). The amplitude and the 
time constant of the mEPSC amplitude potentiation matched the PTP 
slow component (Fig. 4b, P>0.3), suggesting a causal relation 
between them. The mEPSC size increase was small after 4s stimulation 
(10 + 3%, n= 5, Fig. 4a), consistent with reports of negligible mEPSC 
size change’*'®. Although these results were obtained in postnatal day 
(p)6—10 rats, similar results were obtained in p13-14 rats (m= 3). 

Bath application of the calcium buffer EGTA-AM (200 UM, 
~20 min) reduced the EPSC amplitude’*'® and abolished both the 
PTP'*"” and the mEPSC size increase induced by a 30s train (n= 4, 
Fig. 4c). Deletion of Syt2 in mice decreased the EPSC™, and abolished 
both PTP and the mEPSC amplitude potentiation (Fig. 4d, e). Syt2 
deletion also reduced the mEPSC frequency increase, as measured in 
the first minute after stimulation (2.8 + 0.5 times from 7 synapses in 
Syt2-'~ mice, but 11.5+4.2 times from 7 synapses in Syt2*/* 
littermates, P< 0.01), suggesting the involvement of Syt2 in the 
mEPSC frequency increase. Taken together, our results suggest that 
calcium/Syt2 mediates the mEPSC size increase, which generates the 
PTP slow component. 

In summary, KCl application induced calcium/Syt2-dependent 
increases of up-steps (see also Supplementary Information IV), vesicle 
size, and the mEPSC amplitude and rise time, suggesting that calcium/ 
Syt2 mediates compound fusion, which forms compound vesicles. 
Subsequent exocytosis of compound vesicles increased the quantal 
size, which contributed to the generation of PTP. These results suggest 
the need to include compound fusion between vesicles, along with 
vesicle fusion with the plasma membrane’, into the current model of 
exocytosis at synapses (Supplementary Fig. 1). 

Giant miniature currents or potentials (‘minis’) observed at many 


synapses'**! are inconsistent with the quantal hypothesis, which 


assumes a single quantum for a mini**. Accordingly, multi-vesicular 
release was proposed'*~*'. Our results suggest that giant minis are 
caused by compound fusion and subsequent compound exocytosis. 


Consistent with this suggestion, giant organelles are present at 
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Multi-vesicular release was observed during stimulation at many 
synapses**’°, An alternative explanation to multi-vesicular release, 
compound fusion, was proposed’, and supported by a study revealing 
large organelles soon after ~20s stimulation at ribbon-type synapses, 
although bulk endocytosis as the cause of these large organelles was not 
fully excluded®. The present work suggests that compound fusion is an 
alternative explanation to multi-vesicular release at conventional 
synapses. 

Large endosome-like structures were previously attributed to 
endocytosis” '*””. They can now be reinterpreted at least partly as 
compound fusion (see also ref. 5). We found that giant down-steps 
reflecting bulk endocytosis occurred later than giant up-steps, and 
correlated with giant up-steps in frequency and size (Supplementary 
Information V). We suggest that bulk endocytosis retrieves exocy- 
tosed compound vesicles via a mechanism that maintains the identity 
or at least the area of compound vesicles (Supplementary Fig. 1). 

PTP, which may control the neuronal circuit function'’, was not 
considered to be caused by the quantal size increase, probably because 
at its peak, the mEPSC size increase was insufficient to account for PTP 
(Fig. 4a). The present work suggests that compound-fusion-induced 
quantal size increase contributes to the generation of PTP. Compound 
fusion is likely to be a common mechanism used to enhance synaptic 
strength, because (1) PTP is observed at many synapses'®"’, (2) intense 
firing that may generate PTP occurs in physiological and pathological 
conditions'”**”’, and (3) large organelles’"'*”” and giant mEPSCs'**! 
that may be caused by compound fusion are widely observed. 

Although compound fusion was found in non-neuronal secretory 
cells decades ago”’, its underlying mechanism is unclear. The present 
work suggests that calcium binding with synaptotagmin mediates 
compound fusion, probably via interaction between v- and 
t-SNARE fusion proteins on the vesicle membrane”. The affinity 
of Syt2 for calcium is at tens of micromolar’. The calcium micro- 
domain near calcium channels, in which the calcium concentration 
transiently increases to tens of micromolar during an action poten- 
tial, might expand greatly during prolonged stimulation, allowing 


Figure 4 | Calcium/Syt2-dependent PTP and 
quantal size increase. a, EPSC and mEPSC 
amplitude change (normalized) induced by a 
100 Hz train (arrows) for 4, 10 and 30s (+s.e.m., 
5-7 synapses). The EPSC potentiation was fitted 
bi-exponentially (black curve), whereas the 
mEPSC fitted mono-exponentially (red curve). 
Shown are sampled EPSCs and mEPSCs taken at 
times labelled (right). Stim., stimulation. b, The 
amplitude and the time constant of the bi- or 
mono-exponential fit obtained in a are plotted. 
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Syt2 to mediate fusion between vesicles beyond the plasma mem- 
brane. Consistent with this possibility, EGTA blocked the mEPSC 
size increase (Fig. 4c), probably by limiting the expansion of the 
calcium microdomain during high frequency stimulation. 


METHODS SUMMARY 


For most experiments, parasagittal brainstem slices (200 um thick) containing 
the medial nucleus of the trapezoid body were prepared from Wistar rats or mice 
(Syt2~/~ or Syt2*’* littermates) using a vibratome’. For PTP experiments only, 
horizontal brainstem slices were prepared, where a 0.1 ms, 2-20 V voltage pulse 
was applied via a bipolar electrode at the midline of the trapezoid body to evoke 
action potentials at the axon and calyx. Ifnot mentioned, animals were 6-10 days 
old. We removed the postsynaptic neuron and performed cell-attached record- 
ings of the imaginary (Im, capacitance) and the real (Re, conductance) compo- 
nents of the complex admittance at the release face of the calyces of Held®. Except 
for Fig. 1a (right), Im and Re traces in all figures are low-pass filtered at 50 Hz. 
For traces in Fig. 1a (right), the low-pass filter in the lock-in amplifier was set at 
0.1 ms. Means are presented as +s.e.m. Unless mentioned, the statistical test was 
the ttest. Detailed methods are described mostly in Methods, and partly in 
Supplementary Information VI. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Bath and pipette solutions. For preparing slices, we used a solution containing 
(in mM): 95 NaCl, 25 NaHCOs, 25 glucose, 50 sucrose, 2.5 KCl, 1.25 NaH,PO,, 
0.1 CaCl, 3 MgCh, 0.4 ascorbic acid, 3 myo-inositol, 2 sodium pyruvate (95% 
O3/5% CO3). Slices were incubated for 30 min at 37 °C and then held at room 
temperature (22-24 °C) for experiments in a solution containing (in mM): 125 
NaCl, 2.5 KCl, 1 MgCl, 2 CaCl, 25 dextrose, 1.25 NaH2POu, 0.4 ascorbic acid, 3 
myo-inositol, 2 sodium pyruvate, 25 NaHCOs, 0.001 TTX (preventing action 
potentials), pH 7.4 when bubbled with 95% O , 5% CO2. When KCl concen- 
tration was increased (to 50-100 mM, if not mentioned), NaCl concentration 
was decreased to maintain the same osmolarity. 

For cell-attached recordings and current injection (Figs 1, 2), the pipette (4— 
6 MQ) contained (in mM): 130 NaCl, 2.5 KCl, 2 CaCl, 1 MgCl,, 10 HEPES, 20 
TEA, pH 7.2, adjusted with NaOH (osmolarity was 310-320 mOsm). 

For whole-cell dialysis of GDPS (Fig. 1h), the pipette contained (in mM): 125 
K-gluconate, 20 KCl, 10 Naj-phosphocreatine, 4 MgATP, 0.3 GDPBS, 10 
HEPES, 0.05 BAPTA, pH 7.2, adjusted with KOH. The calyx was under the 
current-clamp mode (EPC-10 amplifier, HEKA electronics) while high pot- 
assium was applied to induce exocytosis. 

For recordings of the postsynaptic AMPA receptor-mediated EPSC and 

mEPSC (Figs 3, 4), the pipette (2-3MQ) contained (in mM): 125 
K-gluconate, 20 KCl, 4 MgATP, 10 Naj-phosphocreatine, 0.3 GTP, 10 HEPES, 
and 0.5 EGTA, pH 7.2, adjusted with KOH. D-APV (50M), bicuculline 
(10 4M) and strychnine (101M) were added to the bath solution to isolate 
AMPA receptor-mediated mEPSCs. 
Cell-attached and whole-cell recordings and data analysis. Cell-attached capa- 
citance measurements at the release face of the calyx of Held were performed 
with an SR830 2-phase lock-in amplifier (Stanford Research Systems) coupled to 
an EPC-8 patch-clamp amplifier (HEKA electronics)°. A 20 kHz, 200 mV r.m.s. 
sine wave was superimposed on a command potential of 0 mV. The in-phase 
(real, Re) and 90°-out-of-phase (imaginary, Im) current outputs of the lock-in 
amplifier were low-pass filtered at 0.3—-1 ms (24dB) in most experiments. In 
experiments requiring higher time resolution, signals were filtered at 0.1 ms, 
which, together with our sampling rate of 2-3.3 kHz, gave a time resolution of 
~0.6-0.9 ms (Fig. la, right). Methods of cell-attached capacitance recordings, 
phase adjustment, detection and measurement of capacitance up- and down- 
steps have been described previously®. 

The fusion or the fission pore conductance ( G,) was calculated based on 


Gp = (ARe* + Alm’*)/ARe (1) 


where A means the difference from baseline*'. Based on the G, value, we estimated 
the fusion or the fission pore diameter (D,) based on” 


Dy = [4G,pd/rt]°° (2) 


where p is the saline resistivity (100 Q cm), and A, the pore length, is taken as the 
length of a gap junction channel (15nm). The fusion G, usually reached a 
plateau level in ~10 ms after fusion, at which we measured the initial G, value 
(Fig. 1c). It was followed by a gradual increase for ~10—230 ms before rapid G, 
expansion occurred (Fig. 1c). 

We estimated that a cell-attached patch at the calyx release face might contain 
a single to a few active zones°. During application of ~50-100 mM KCl solution, 
up-steps were observed in 17 out of 55 patches (Fig. la, b). The percentage of 
failure (38/55 or ~2/3) was similar to that obtained during application of 25 mM 


nature 


KCl in our previous study®. Patch at the residual postsynaptic membrane or the 
non-release face of the calyx might explain why capacitance up-steps were 
detected in ~1/3 of patches®. 

Only patches showing up-steps during stimulation were used for data analysis. 
Up- and down-steps were collected within 500s after KCl application. In most 
experiments, we used 50-100 mM KC] solution for stimulation. Up- and down- 
steps, including giant ones, were analysed from 17 patches showing up- and 
down-steps during application of ~50-100 mM KCI (Fig. 1b, e, red). Up- and 
down-steps before KCl application in these 17 patches were not sufficient for 
plotting their amplitude distribution and cumulative probability curve. To collect 
more data in control (before KCl application), we included data from additional 61 
patches showing up-steps during application of ~ 15-50 mM KCl solution, which 
we collected in search of the optimal condition for the generation of giant up-steps. 
Thus, the control data before KCl application (Fig. 1b, e, black) were collected from 
78 patches showing up-steps in response to 15-100 mM KC] solution. 

Voltage-clamp recordings of EPSC were performed with an EPC 10 amp- 

lifier**. The series resistance (<10 MQ) was compensated by 85-95% when the 
EPSC recording was made. 
The mEPSC analysis. The mEPSC was analysed with a mini program (Mini 
Analysis Program, Synaptosoft Inc.). KCl increased the frequency and the ampli- 
tude of mEPSCs. These effects were observed during the first 2-3 min of KCl 
application. We limited data analysis to this period of time for two reasons. First, 
the frequency of mEPSCs increased to more than 100 Hz as the potassium 
concentration reached the steady-state. With such a high frequency, the chance 
for two independent mEPSCs to occur at the same time increased, and the 
postsynaptic AMPA receptor desensitization might occur, which complicated 
data analysis. Second, as the potassium concentration approached the steady- 
state, the membrane resistance of the postsynaptic neuron decreased from 
148 + 9 to 17.5 +3 MQ (n=5), which was approaching the access resistance 
(~7-15 MQ) and thus could decrease the quality of the voltage-clamp. The 
reason for this decrease is unclear. Both the decrease in the membrane resistance 
and the change in the reversal potential of potassium channels may contribute to 
the increase in the inward current during the first 2min of KCl application 
(Fig. 3a). Thus, we limited data analysis to within 2-3 min after KCl application, 
during which the membrane resistance was greater than ~50 MQ. Because of a 
higher noise during KCl application, the threshold of mEPSC detection was set at 
20 pA, which also applied to the control condition. 

For recordings of mEPSCs during KCl application, we did not compensate the 
access resistance (<10 MQ) in most experiments, which reduced the noise. The 
increase of the mEPSC during KCl application was not due to inadequate volt- 
age-clamp for two reasons. First, the mEPSC amplitude was not increased by KCl 
application when the extracellular calcium was removed (Fig. 3d). Second, when 
we compensated the access resistance by 90%, high potassium application still 
increased the mEPSC amplitude from 31.4 + 0.9 pA (546 mEPSCs, 4 neurons) in 
control to 46.2 + 1.8 pA (2,147 mEPSCs, 4 neurons, not shown), similar to those 
obtained without the access resistance compensation (Fig. 3b). 

Additional methods. Syt2 knockout mice and EM are described in 
Supplementary Information VI. 
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Fused has evolved divergent roles in vertebrate 
Hedgehog signalling and motile ciliogenesis 


Christopher W. Wilson'*, Catherine T. Nguyen**, Miao-Hsueh Chen’, Jehn-Hsiahn Yang't, Rhodora Gacayan’, 


Jie Huang’, Jau-Nian Chen? & Pao-Tien Chuang’ 


Hedgehog (Hh) signalling is essential for several aspects of embryo- 
genesis’”. In Drosophila, Hh transduction is mediated by a 
cytoplasmic signalling complex** that includes the putative 
serine-threonine kinase Fused (Fu) and the kinesin Costal 2 
(Cos2, also known as Cos), yet Fu does not have a conserved role 
in Hh signalling in mammals®’. Mouse Fu (also known as Stk36) 
mutants are viable and seem to respond normally to Hh signalling. 
Here we show that mouse Fu is essential for construction of the 
central pair apparatus of motile, 9+2 cilia and offers a new model of 
human primary ciliary dyskinesia. We found that mouse Fu phys- 
ically interacts with Kif27, a mammalian Cos2 orthologue*, and 
linked Fu to known structural components of the central pair 
apparatus, providing evidence for the first regulatory component 
involved in central pair construction. We also demonstrated that 
zebrafish Fu is required both for Hh signalling and cilia biogenesis 
in Kupffer’s vesicle. Mouse Fu rescued both Hh-dependent and 
-independent defects in zebrafish. Our results delineate a new path- 
way for central pair apparatus assembly, identify common regula- 
tors of Hh signalling and motile ciliogenesis, and provide insights 
into the evolution of the Hh cascade. 

To further investigate the role of Fu in mammalian Hh signalling, 
we addressed whether Hh-dependent Smo localization to the primary 
cilium is affected in the absence of Fu. Primary cilia, which have a 
“9+0° arrangement of nine outer doublet microtubules, are required 
for Hh responses and contain several Hh pathway components~’. We 
found that Fu"'~ mouse embryonic fibroblasts formed primary cilia 
normally, trafficked Smo to the primary cilium in response to Hh 
ligand, and exhibited a typical Gli transcriptional response (Supple- 
mentary Figs 1, 2 and data not shown). This suggests that the single 
mammalian Fu orthologue is dispensable for Hh signalling. To 
explore the function of Fu in mice, we examined its expression in 
postnatal tissues by in situ hybridization. The Fu transcript was 
strongly expressed in the respiratory epithelium, the ependymal lining 
of the ventricles in the brain, and in the oviduct and testis (Fig. la—c 
and data not shown). These expression patterns are reminiscent of 
genes involved in the biogenesis of motile cilia, which function in these 
tissues to propel mucus, fluid and cells. In contrast to the primary 
cilium, the classical ‘9+2’ motile cilium consists of nine outer doublet 
microtubules and two singlet central pair microtubules"®. The central 
pair apparatus has a crucial involvement in regulating ciliary motility, 
but its formation is poorly understood because the centriole-derived 
basal body, from which the cilia axoneme extends, does not provide a 
template for central pair outgrowth. Disruption of human motile cilia 
function leads to primary ciliary dyskinesia, which is associated with 
recurrent respiratory infection, hydrocephalus and infertility’. To 
determine whether motile cilia function is compromised in Fu ‘~ 


mice, we studied cilia axonemal ultrastructure by transmission 
electron microscopy. In wild-type animals, over 99% of tracheal and 
ependymal motile cilia showed a typical 9+ 2 configuration (Fig. 1d, f 
and Supplementary Figs 3 and 4). In contrast, approximately 60% of 
Fu ‘~ cilia have abnormal ciliary ultrastructure; two-thirds of which 
lack the central pair apparatus (Fig. le, fand Supplementary Figs 3 and 
4). Central pair defects in Fu mutants are apparent at the basal plate 
region characterized by an electron-dense thick band, where the 
central pair originates in wild-type cilia’* (Supplementary Fig. 4). 
Our findings indicate that mammalian Fu is dispensable for Hh 
signalling and specifically participates in the generation of the central 
pair apparatus in motile cilia axonemes. 

Mice lacking functional Fu are born with no obvious phenotype, 
but they fail to thrive in comparison with wild-type or heterozygous 
littermates and die before postnatal day (P) 21 (refs 6, 7). To deter- 
mine the functional consequences of central pair apparatus loss in 
Fu ‘~ animals, we examined fluid flow in tracheal explants. Analysis 
of fluorescent bead movement showed strong distal—-proximal 
directional flow in wild-type explants, whereas beads overlaid on 
Fu ‘~ tracheae showed severely impaired velocity and little to no 
directional movement (Fig. 1g—i and Supplementary Movies 1 and 
2). We next determined whether elimination of the central pair 
apparatus in Fu ‘~ animals disrupted cilia motion. In wild-type 
tracheae, cilia beat in a linear path with a quick forward power stroke 
anda slower recovery stroke’* (Fig. 1j and Supplementary Movies 3 and 
5). Most Fu ‘~ cilia moved stiffly and had a markedly reduced stroke 
amplitude; a subset were either immotile or beat in a slow, circular 
motion (Fig. 1k and Supplementary Movies 4 and 6). In contrast to 
wild-type motile cilia, which beat coordinately to produce a metachro- 
nic wave", cilia in Fu/~ animals that beat seemed disoriented with 
respect to their neighbours (Fig. 1k and Supplementary Movies 4 and 
6). This prompted us to investigate whether cilia orientation, specified 
by a basal body accessory structure known as the basal foot, was per- 
turbed'”"*. In wild-type tracheae, basal feet were properly aligned with 
each other (Fig. 1m). In Fu-/~ mutants, basal feet were disoriented and 
frequently pointed at right angles or antiparallel to one another 
(Fig. 1n), and the circular standard deviation of cilia orientation within 
a given cell was significantly higher (Fig. 11). Loss of the central pair 
apparatus in Fu /~ mice thus eliminated directional fluid flow, result- 
ing from uncoordinated ciliary beating and global disorganization of 
cilia polarity. 

We proposed that Fu in different metazoan species might participate 
in both Hh signalling and ciliogenesis. We examined the role of Fu in 
zebrafish because fu (also known as stk36) morphants exhibit mild Hh- 
dependent somite phenotypes"’. By delivering a higher concentration 
of fu morpholino, we observed stronger Hh phenotypes, including 
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Figure 1| Mouse Fu is required for central pair apparatus construction. 
a-c, Expression of Fu (pink signal) in the mouse tracheal epithelium 

(a), ependyma of the lateral ventricles (b), and testis (¢) at P14 by section in 
situ hybridization to Fu. Arrows indicate sites of Fu expression. 

d, e, Transmission electron micrographs of motile cilia from wild-type (WT) 
and Fu ‘~ tracheae. Arrows denote the central pair microtubules. 

f, Quantification of ultrastructural defects from P1 and P14 tracheae (P1: 
n= 4 animals (wild type and Fu‘), mean cilia per animal analysed = 88 
(wild type) and 64 (Fu ’ );P14:n=7 (wild type) andn=6 (Fu ’), mean 
cilia per animal analysed = 113 (wild type) and 93 (Fu ‘~)). CP, central pair. 
Error bars indicate s.d. g, h, Traces of fluorescent-bead movement over 
tracheal explants. i, Mean particle velocity in P14 wild-type (n = 5) and 
Fu (n = 5) tracheae. Error bars indicate s.d. j, k, Traces of cilia beat path 
overlaid on still differential interference contrast (DIC) images of tracheal 
cilia (top panels) and lateral traces of cilia waveform (bottom panels). Mean 
ciliary beat frequency (CBF) was calculated from 30 cilia (n = 3 animals for 
wild type and Fu ‘~). Arrows indicate directions of the forward effective 
strokes. Il, Quantification of circular standard deviation (CSD) of basal feet 
from P1 (wild type, n = 24 cells from four animals; Fu /~,n= 38 cells from 
four animals; P< 3.4 X 10°; unpaired Student’s t-test) and P14 (wild type, 
n= 31 cells from four animals; Fu /~, n = 36 cells from three animals; 
P<2.6X1077; unpaired Student’s t-test). Error bars indicate s.d. 

m, n, Representative transmission electron micrographs images of basal foot 
polarity (arrows) in P14 wild-type and Fu ‘~ tracheae. Original 
magnification, X40 (a-c), X44,000 (d, e), X400 (g, h), X900 (j, k) and 
X26,500 (m, n). 


cyclopia and loss of lateral floor plate (Fig. 2a, b, d, e, Supplementary 
Fig. 5 and data not shown), similar to smo mutants”’. Knockdown of 
zebrafish fu activity greatly reduced patchedl (ptcl) expression 
in somites, suggesting disruption of Hh responses (Fig. 2g, h). The 
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fu MO + mFu 


ptc? MO + fu MO 


Figure 2 | Mouse Fu is capable of rescuing Hh-related phenotypes in 
zebrafish fu morphants. a, Whole-mount in situ hybridization to fkd4 (also 
known as foxa; purple signal) in both medial and lateral floor plate of wild- 
type (WT) zebrafish embryos at 24h post fertilization (h.p.f.). b, ¢, fkd4 
expression is lost in the lateral floor plate of fu morphants (MO) (b) and is 
restored when mouse Fu is expressed (c). d, Whole-mount in situ 
hybridization to nkx2.2b (purple signal) in the lateral floor plate of wild-type 
zebrafish embryos at 24 h.p.f. e, f, nkx2.2b expression is lost in the lateral 
floor plate of fu morphants (d) and is restored when mouse Fu is expressed 
(e). View is dorsal. LF, lateral floor plate; MF, medial floor plate. g, Whole- 
mount in situ hybridization to ptcl (purple signal) in somites of wild-type 
zebrafish embryos at the 10-somite stage. View is dorsal. h, i, ptcl expression 
is greatly reduced in somites of fu morphants (h) and is restored when mouse 
Fu is expressed (i). j, Immunohistochemistry against Engla and Eng1b (En) 
(arrow), which labels the muscle pioneer population in wild-type zebrafish 
somites at 24h.p.f. View is lateral. k, I, Rescue of En expression in fu 
morphant somites (k) by co-injection with mouse Fu (I). m, Lateral view of 
chevron-shaped somites in wild-type zebrafish embryos at 24h.p.f. 

n, 0, Rescue of U-shaped somites in fu morphants (n) by co-injection with 
mouse Fu (0). Dotted lines delineate the boundaries of somites. p, Whole- 
mount in situ hybridization to ptcl (purple signal) in somites of wild-type 
zebrafish embryos at the 10-somite stage. View is dorsal. q, r, Upregulation 
of ptcl expression in ptcl morphants (q) is abolished by knocking down fu 
(r). Original magnification, 200 (a-i, p-r), 105.6 (j-l) and X64 (m-o). 


Hh-dependent muscle pioneer population, marked by the expression 
of engrailed 1a and 1b (engla and eng1b), was lost (Fig. 2j, k), and fu 
morphants developed U-shaped instead of chevron-shaped somites 
(Fig. 2m, n). In ptcl morphants, Hh target genes are upregulated cell 
autonomously (Fig. 2p, q and Supplementary Fig. 10)'°. Upregulation 
of Hh target genes is abolished in ptcl;fu double morphants (Fig. 2r), 
indicating that fu functions cell autonomously in Hh-responsive cells to 
control Hh signalling. Taken together, these results provide convincing 
evidence for an integral role of Fu in the zebrafish Hh pathway. We then 
addressed whether mouse Fu compensated for loss of zebrafish Fu. 
Surprisingly, co-injection of mouse Fu messenger RNA and zebrafish 
fumorpholino rescued all Hh phenotypes, including restoration of ptc1 
expression, lateral floor plate formation, muscle pioneer differentiation 
and somite shape (Fig. 2c, f, i, |, o, Supplementary Fig. 5 and data not 
shown). In contrast, co-injection of Drosophila fu mRNA and the 
zebrafish fu morpholino failed to rescue Hh phenotypes (data not 
shown). Thus, mouse Fu retains the necessary information to partici- 
pate in the fish Hh pathway, indicating that a common mechanism 
underlies critical aspects of Hh signalling and motile ciliogenesis. 


99 


©2009 Macmillan Publishers Limited. All rights reserved 


LETTERS 


Fu may have an ancient, conserved role in regulating microtubule or 
motile cilia function because the genomes of many organisms, includ- 
ing plants and flagellated unicellular eukaryotes, contain genes encod- 
ing a highly conserved Fu kinase domain” (Supplementary Fig. 8). To 
test this idea, we examined Fu expression in different species by in situ 
hybridization and found strong expression in the chick tracheal epi- 
thelium and the oviduct and testis of Xenopus tropicalis (Fig. 3a, b and 
data not shown), ina pattern similar to mouse Fu. We then focused on 
zebrafish, which use 9+2 motile cilia on the surface of Kupffer’s vesicle 
to generate a anticlockwise flow essential for establishment of left-right 
asymmetry~™. If zebrafish Fu also participates in 9+2 cilia biogenesis, 
we reasoned that left-right asymmetry would be disrupted. We 
examined the positioning of the heart and visceral organs by cardiac 
myosin light chain 2 (cmlc2, also known as myl7) and fork head domain 
protein 2 (fkd2, also known as foxa3) expression, respectively. In con- 
trast to zebrafish smo mutants, in which disrupted Hh signalling does 
not perturb left-right asymmetry” (Fig. 3c), 41% of fu morphants had 
reversed or midline hearts (Fig. 3d—-f), whereas 30% of injected 
embryos had abnormal positioning of the gut, liver and pancreas 
(Supplementary Fig. 11). To investigate whether Fu is required for 
the early establishment of asymmetric gene expression in the left lateral 
plate mesoderm, we studied the expression pattern of southpaw (spaw) 
and paired-like homeodomain transcription factor 2 (pitx2) in fu mor- 
phants. In 73% of fu morphants, spaw was found to be on the right 
side, bilateral, or absent in the lateral plate mesoderm (Fig. 3g-i). 
Similarly, 71% of fu morphants had markedly reduced or absent pitx2 
staining in the lateral plate mesoderm (data not shown). Co-injection 
of mouse Fu, but not Drosophila fu, with fu morpholino was sufficient 
to restore left-right asymmetry (Fig. 3f, i and data not shown). 

To confirm a direct role for Fu in regulating Kupffer’s vesicle 
function, we injected fluorescein-labelled fu morpholino into dorsal 
forerunner cells*’, which migrate at the leading edge of the embryonic 
shield to produce Kupffer’s vesicle. Forty-four per cent of embryos 
with a strong fluorescent signal in the dorsal forerunner cells 
developed cardiac laterality but not somite defects (data not shown), 
indicating that the knockdown of fu in Kupffer’s vesicle accounts for 
the left-right asymmetry defects. Kupffer’s vesicle cilia in fu mor- 
phants had disorganized axonemal structures, including loss and 
acquisition of extra central pair microtubules (Fig. 3j-l and data 
not shown), indicating a conserved role of vertebrate Fu in central 
pair construction. Loss of fu affected cilia motility as shown by inject- 
ing rhodamine-conjugated dextran beads into Kupffer’s vesicle of fu 
morphants at the 8-somite stage (Supplementary Movies 7 and 8). 
Defects in establishing an anticlockwise flow in fu morphants were 
rescued by mouse Fu (Supplementary Movie 9). Taken together, the 
data strongly support a conserved, Hh-independent role of Fu in 
vertebrate 9+2 cilia biogenesis (Fig. 3p). 

The process of central pair construction is poorly characterized and 
Fu is the first regulatory component known to control its assembly. To 
determine how Fu might control this process, we tested the ability of 
Fu to interact with Spag6 (also known as Pf16) and Spag16 (P20), 
evolutionarily conserved components of the central pair appara- 
tus***°, When expressed in HEK 293T cells, Fu—Flag efficiently co- 
immunoprecipitated Spag16—haemagglutinin (HA), but not Spag6— 
HA (Fig. 4a). Notably, Spagl6 localizes to the sperm central pair 
apparatus’®, and its Chlamydomonas orthologue Pf20 decorates the 
C2 microtubule along the intermicrotubule bridges between central 
pair microtubules”. This suggests a direct role for Fu in the assembly 
or maintenance of the central pair apparatus. 

In fly, Fu binds to the kinesin Cos2 to transduce the Hh signal 
downstream of Smo. We examined whether mouse Fu bound to the 
mouse Cos2 orthologues Kif7 and Kif27. When expressed in HEK 
293T cells and mouse tracheal epithelial cells (MTECs), Fu—Flag 
bound strongly to Kif27—Myc, but not to Kif7—Myc (Fig. 4b and data 
not shown), implicating Kif27 in the generation or regulation of 9+ 2 
cilia. We expressed Kif27—green fluorescent protein (GFP) in MTECs 
by lentiviral infection and assessed its localization throughout MTEC 


100 


NATURE| Vol 459|7 May 2009 


% 
No. L RAB 
116 823 11 4 


27 2 6110 


67 0 33 0 


wt Ofrmo 


942 Others 
oO % 
No. L RM 
8 
| WT 87 93 1 6 
.<) 


kif7 MO 109 68 18 14 


p Fu, Cos2 & Kif27 
Hh signalling Motile cilia function 
Fly + -(?) 
Zebrafish + + 
Mouse - + 


Figure 3 | Zebrafish fu has a Hh-independent role in left-right asymmetry 
and generation of 9+2 cilia. a, b, Section in situ hybridization to mouse Fu 
(pink signal) in chick trachea (a) and X. tropicalis testis (b). Arrow indicates 
sites of Fu expression. ¢, Whole mount in situ hybridization to cmlc2 (purple 
signal) in smo’!°4°78 fish embryos at 24 h.p.f. View is dorsal. L, left; R, right. 
d, e, Whole-mount in situ hybridization to cmlc2 in wild-type (d) and fu 
morphants (MO; e) at 24h.p.f. View is dorsal. f, Summary of cardiac 
laterality defects in wild type (n = 206), fu morphants (n = 130), and fu 
morphants rescued with mouse Fu (n = 134). M, medial. g, h, Whole mount 
in situ hybridization to spaw at the 15-somite stage. View is dorsal. 

i, Summary of spaw expression in the lateral plate mesoderm in wild type 
(n = 116), fu morphants (n = 92), and fu morphants rescued with mouse Fu 
(n = 73). A, absent; B, bilateral. j, k, Electron micrograph of Kupffer’s vesicle 
cilia from wild type (j) and a fu morphant (k). |, Quantification of 
ultrastructural defects in Kupffer’s-vesicle cilia from wild type and fu 
morphants. Error bars indicate s.d. m, n, Whole mount in situ hybridization 
to cmlc2 in wild-type and kif7 morphants at 24 h.p.f. View is dorsal. 

o, Summary of cardiac laterality defects in wild-type (n = 87) and kif7 
morphants (1 = 109). p, Summary of essential Fu, Cos2 and Kif27 functions 
in metazoan model organisms. Original magnification, X40 (a, b), X80 
(ce, m, n), X105.6 (g, h) and X 100,000 (j, k). 


differentiation induced by the creation of an air-liquid interface. 
During this process, hundreds of centrioles migrate to the apical 
surface of the cell, dock with the membrane to form basal bodies, 
and act as templates for the outgrowth of the outer microtubule 
doublets of the ciliary axoneme”. At air-liquid interface days 0 and 
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Figure 4 | Mouse Fu interacts with the central pair protein Spag16 and the 
Cos2 orthologue Kif27. a, Western blot of immunoprecipitated mouse 
Fu-Flag to detect its physical interaction with mouse Spag6-HA or 
Spag16-HA from HEK 293T lysates. IN, input; IP, immunoprecipitation; 
WB, western blot. b, Western blot of immunoprecipitated mouse Fu—Flag to 
determine its physical association with mouse Kif7—Myc or Kif27—Myc from 
HEK 293T lysates. c—h, Confocal images of fully differentiated MTECs to 
visualize localization of Kif27—GFP to the basal body (marked by anti-y- 
tubulin) of motile cilia labelled with acetylated tubulin (Ac-tubulin). i, Model 
of Fu, Kif27 and Spag16 function in motile cilia construction. Original 
magnification, 1,500 (¢-h). 


5, Kif27—-GFP punctae were associated with centrioles as determined 
by y-tubulin staining (Supplementary Fig. 6). Kif27—GFP associated 
with the base of the cilium after axoneme outgrowth (Fig. 4c—h). Fu— 
mCherry was broadly distributed in the cytoplasm of MTECs 
throughout differentiation, overlapping with Kif27 (Supplementary 
Fig. 6). Fu and Kif27 expression are upregulated during MTEC 
differentiation, consistent with their essential roles in motile cilio- 
genesis (Supplementary Fig. 7). Efforts to demonstrate Fu kinase 
activity in vitro have not been successful, suggesting the requirement 
of a special microenvironment for its activity. We speculate that Fu 
has several substrates, some of which could reside in the cytoplasm 
and control central pair assembly indirectly (Fig. 41). Our data favour 
a model in which Kif27 and/or Spagl6 directs the localization or 
activity of Fu for central pair construction (Fig. 4i). 

Despite the non-essential role of Fu in mammalian Hh signalling, 
the protein retains an interaction with the Cos2 orthologue Kif27. 
Analysis of Cos2, Kif7 and Kif27 sequences indicates that the Kif7 and 
Kif27 genes may have arisen by a duplication event (Supplementary 
Fig. 9). The four fish species examined do not contain an obvious 
Kif27 orthologue, suggesting either that Kif27 was lost after gene 
duplication, or that the duplication event occurred after divergence 
of the fish and amphibian lineages. Supporting the latter, morpho- 
lino knockdown of kif7 in zebrafish (z) resulted in both Hh-specific 
phenotypes and disruption of left-right asymmetry (Fig. 3m—o and 
data not shown), indicating a dual role for Kif7 in Hh signalling” and 
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motile ciliogenesis, similar to zFu which co-immunoprecipitates with 
zKif7 (Supplementary Fig. 12). There are conflicting reports on the 
roles of Kif7 and Kif27 in vertebrate Hh signalling”; on the basis of 
data here, we predict that Kif27 does not have a vital role in mam- 
malian Hh signal transduction, and mice lacking functional Kif27 may 
have phenotypes similar to Fu. We speculate that Fu has evolved or 
retained its function in central pair assembly in vertebrates, and that 
duplication of ancestral Cos2 in the vertebrate lineage led to the 
partition of functions for Kif7 and Kif27, while Kif27 retained its 
partnership with Fu (Fig. 3p). Although the requirement of Fu-like 
activity in mammalian Hh signalling is unproven, if it exists it is 
probably compensated for by an unrelated kinase (Supplementary 
Fig. 8). Alternatively, the involvement of the primary cilium as a 
scaffold for Hh pathway components in mammals could circumvent 
the need for a Fu-kinesin complex. Consistent with the notion of 
evolutionary changes in Hh pathway design in different species, 
Su(fu), a component of the cytoplasmic signalling complex, is dis- 
pensable for fly viability, plays a minor role in zebrafish Hh signalling 
and becomes an important negative regulator in mice’. Further ana- 
lysis of Fu and Kif27 function in ciliogenesis and Hh signalling in 
diverse species will provide further insight into the evolution of this 
critical signalling pathway. 


METHODS SUMMARY 

Transmission electron microscopy. Mouse tissue was fixed in 3% glutaralde- 
hyde, 1% paraformaldehyde, 0.1 M sodium cacodylate, pH 7.4, at 4 °C overnight. 
Fish embryos were fixed in 2% paraformaldehyde, 2% glutaraldehyde (electron- 
microscopy grade) at room temperature for 2h. Standard processing, embed- 
ding and sectioning procedures were followed. Samples were examined on a 
JEOL 100CX or JEM-1230 transmission electron microscope. 

Basal foot polarity. The orientation and circular standard deviation of basal feet 
in electron microscopy micrographs was calculated as described'*. Circular stat- 
istics were calculated using Oriana 2.0 (Kovachs Computing Services). 
Tracheal flow assays. Tracheae from P14 wild-type and Fu /~ mice were 
excised, cleaned of muscle and vasculature, opened longitudinally, and placed 
in a drop of PBS on a glass slide. Five microlitres of a 0.01% solution of 
Fluospheres (Invitrogen) were added on top of a single trachea to visualize the 
direction of ciliary flow. Images were acquired using a SPOT 2.3 camera con- 
nected to a Nikon E1000 epifluorescence microscope. Images were captured at a 
rate of 26 frames per second (f.p.s.) over a 50 [um X 50 jum area and were saved as 
.tiff stacks. Movies were examined in NIH Image J using the enhancing feature of 
the SpotTracker plugin (D. Sage and S. Gasser) to optimize sphere intensity, and 
the MtrackJ plugin (E. Meijering, Biomedical Imaging Group, University 
Medical Center, Rotterdam) to trace the direction and path length of the sphere. 
Average velocity was taken to be the straight-line distance a particle travelled 
from its originating point divided by time, and was calculated in Microsoft Excel. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Animal husbandry. Fu*/~ mice were maintained as described®. Wild-type AB 
fish were used and raised as described*'. The smoothened (also known as slow 
muscle omitted) allele”? used in this study is smo'™'61°78, 

Molecular biology. Standard molecular biology techniques, including molecu- 
lar cloning, genomic DNA preparation, RNA isolation, PCR, RT-PCR and 
Southern analysis were performed as described****. Fu-Flag, Fu-4 Flag, Fu— 
mCherry, Kif7—3Myc, Kif27-3XMyc, Kif27-GFP, SPAGI6L-3XHA, and 
SPAG6-3XHA were cloned into pCAGGS (for immunoprecipitation and 
immunofluorescence in mammalian cells), pCS2+ (for expression in zebrafish), 
pcDNA3 (for immunoprecipitation and immunofluorescence in mammalian 
cells), or FuPw (for lentiviral expression) vectors. Detailed methods and maps 
are available on request. 

FuPw vector (courtesy of K. Wong and H. Bourne) contains the HIV-1 flap 
sequence, the human polyubiquitin C promoter, a multiple cloning site, and the 
woodchuck hepatitis virus post-transcriptional regulatory element. Flanking this 
cassette are 5’ and 3’ self-inactivating long-terminal repeats. Expression con- 
structs were co-transfected with the HIV packaging vector pCMVA8,9 and the 
envelope glycoprotein vector pVSV-G into HEK293T cells using Lipofectamine 
2000 (Invitrogen). 

Morpholino injections. Wild-type zebrafish embryos were injected with 1.6— 
4ng fu or 8-12ng kif7 or 0.2ng ptcl MO at the one- to two- cell stage. 
Fluorescein-tagged fu morpholino (4ng) was injected into the yolk of 128- 
cell-stage embryos to target dorsal forerunner cells. A p53 morpholino was co- 
injected with fu or kif7 morpholino at the same concentration to block nonspe- 
cific cell death**. In rescue experiments, 400 pg of mouse Fu mRNA was co- 
injected with fu morpholino. In testing genetic epistasis, 0.2ng of ptcl and 
2ng of fu MO were co-injected. The fu (5’-TGGTACTGATCCATCTCCAG 
CGACG-3'), kif7 (5'-GCCGACTCCTTTTGGAGACATAGCT-3’) and ptcl 
MO (5'-CATAGTCCAAACGGGAGGCAGAAGA-3') were described previously”. 
In situ hybridization. Histological analysis and section in situ hybridization using 
*°P_labelled riboprobes were performed as described’. Probes for chick, zebrafish 
and X. tropicalis Fu were amplified by PCR using partial or full-length cDNAs 
(Open Biosystems) as templates. Zebrafish embryos were raised in medium 
treated with 0.2mM _ 1-phenyl-1-2-thiourea to maintain optical transparency. 
Whole mount in situ hybridization was performed as described”; probes used 
were cmlc2, fkd2, fkd4, nkx2.2b, fused, shh, ptcl, spaw and pitx2. 

Ciliary beat frequency and waveform measurements. Tracheae were dissected 
out from P10-P14 wild-type and Fu /~ animals, and cut into rings or strips. 
Tracheae were washed briefly in PBS and placed in DMEM supplemented with 
10% FBS, penicillin-streptomycin and L-glutamate. Tissue was placed in a few 
drops of medium in a 35-mm glass bottom microwell dish (MatTek). Cilia 
beating was observed using DIC microscopy on a Nikon TE2000E inverted 
microscope equipped with Perfect Focus, a X60 water immersion objective, 
X1.5 zoom adaptor and an in vivo Scientific incubator set at 37°C and 5% 
CO,. A Photometrics Coolsnap HQ2 camera and NIS Elements 2.3 software 
were used to acquire videos of beating cilia at frame rates of 60-70 f.p.s., depend- 
ing on the size of the defined region of interest (ROI). Ciliary beat frequency was 
measured by defining an ROI in the upper third of the ciliary shaft, and plotting 
the changes in pixel intensity over time in the obtained image series. This data 
was subsequently Fourier transformed to obtain the frequency using MatLab. 
Waveform was analysed by tracing of cilia from individual movie frames in 
Adobe Illustrator, or by manual tracking using the MtrackJ plugin (E. 
Meijering, Biomedical Imaging Group, University Medical Center, 
Rotterdam) in NIH Image]. 

Cell culture, transfections and immunoprecipitation. HEK 293T cells were 
maintained in DMEM supplemented with 10% FBS, penicillin-streptomycin 
and L-glutamate. Cells were transfected with Lipofectamine 2000 (Invitrogen) 
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according to manufacturer’s instructions. Forty-eight hours after transfection, 
cells were collected and lysed in lysis buffer (1% Triton X-100, 150 mM NaCl, 
50 mM Tris-HCl, pH 7.5, 1mM EDTA, 0.5mM PMSF, 2 pg ml ! pepstatin A, 
10p1gml~! leupeptin, 5,1gml~' aprotinin). Lysates were sheared with a 20- 
gauge needle and remained on ice for 30 min. Lysates were then clarified by 
centrifugation at 20,817g for 20min at 4°C. The supernatant was removed 
and bound to 50 ul of anti-Flag M2 agarose beads (Sigma) for 4h at 4°C with 
constant nutation. Beads were washed five times with lysis buffer before the 
addition of sample buffer. Immunoprecipitated proteins were analysed by 
7.5% SDS-PAGE and transferred to PVDF for immunoblotting. Antibodies used 
were rabbit anti-Flag (Sigma, 1:2,000), rabbit anti-Myc (Sigma, 1:2,000), and 
rabbit anti-HA (Sigma, 1:1,000). 

Primary MTEC culture and viral transduction. Primary MTECs were derived 
from P10-P21 mice and cultured as described**. Lentivirus was produced by co- 
transfecting cDNAs cloned into the FuPw vector with pCMVA8,9 and pVSV-G 
into HEK 293T cells as described above. Supernatant was collected 72-96 h after 
transfection, filtered through a 0.454m PES membrane syringe filter unit 
(Nalgene), and concentrated tenfold using a Centriprep Ultracel YM-10 device 
(Millipore). Infection of MTECs was performed as described*’. 
Immunofluorescence and microscopy. Cells were fixed in 4% paraformaldehyde 
for most applications, or in ice-cold methanol for visualization of basal bodies. 
Standard procedures were used for immunostaining. Primary antibodies used 
were mouse anti-acetylated-a-tubulin (Sigma, 1:2,000) and mouse anti-y tubulin 
(Sigma, 1:2,000). Secondary antibodies and conjugates used were donkey anti- 
mouse AlexaFluor 594 (Molecular Probes, 1:2,000), donkey anti-mouse FITC 
(Molecular Probes, 1:2,000), and rhodamine-conjugated phalloidin (Sigma, 
1:200). Fluorescent confocal images were acquired using a Nikon TE2000U 
inverted microscope with a Yogokawa CSU22 spinning disk confocal (Solamere 
Technology Group), a Photometrics Cascade II Camera, and MicroManager soft- 
ware (Vale laboratory, University of California-San Francisco). Images were 
acquired with a X 100 oil-immersion lens and a X 1.5 zoom adaptor (Nikon) using 
two laser lines (488nm and 568nm). Confocal stacks were collected using a 
0.25-um step size along the z-axis. Stacks were analysed and xy, xz, and yz projec- 
tions were generated using Image] and the VolumeViewer plugin (K. U. Barthel, 
Internationale Medieninformatik). Deconvolution was performed with the 
Iterative Deconvolve 3D plugin (R. Dougherty, OptiNav, Inc.). 
Immunohistochemistry staining. Immunohistochemistry staining using anti- 
Engrailed (4D9, Developmental Studies Hybridoma Bank) at 1:100 dilution and 
anti-acetylated tubulin (Sigma) at 1:200 dilution was conducted as described”. 
Confocal images were acquired with an LSM510 confocal microscope (Zeiss). 
Fluorescent bead injection. Fluorescent beads diluted 1:100 in PBS were 
injected into Kupffer’s vesicle at the 8—-10-somite stage’. Embryos were imaged 
on a Zeiss Axioplan 2 microscope using a X63 water immersion lens (Zeiss). 
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Haematopoietic stem cells depend on Ga,-mediated 
signalling to engraft bone marrow 


Gregor B. Adams’“t, lan R. Alley’, Ung-il Chung’, Karissa T. Chabner’, Nathaniel T. Jeanson’, Cristina Lo Celso’, 
Emily S. Marsters’, Min Chen®, Lee S. Weinstein®, Charles P. Lin®, Henry M. Kronenberg” & David T. Scadden’*° 


Haematopoietic stem and progenitor cells (HSPCs) change location 
during development’ and circulate in mammals throughout life’, 
moving into and out of the bloodstream to engage bone marrow 
niches in sequential steps of homing, engraftment and retention*~. 
Here we show that HSPC engraftment of bone marrow in fetal 
development is dependent on the guanine-nucleotide-binding 
protein stimulatory @ subunit (Ga,). HSPCs from adult mice 
deficient in Ga, (Ga, ’~) differentiate and undergo chemotaxis, 
but also do not home to or engraft in the bone marrow in adult mice 
and demonstrate a marked inability to engage the marrow micro- 
vasculature. If deleted after engraftment, Ga, deficiency did not lead 
to lack of retention in the marrow, rather cytokine-induced mobiliz- 
ation into the blood was impaired. Testing whether activation of 
Ga, affects HSPCs, pharmacological activators enhanced homing 
and engraftment in vivo. Ga, governs specific aspects of HSPC 
localization under physiological conditions in vivo and may be 
pharmacologically targeted to improve transplantation efficiency. 

Ga, is essential for normal development, with gene-deficient 
embryos showing fatal defects before day E10.5 (ref. 6). To overcome 
this limitation, chimaeric mice were generated by blastocyst injection 
of Ga, '~ embryonic stem cells’ into a blastocyst transgenic for 
B-galactosidase (B-gal), enabling resultant embryos to be assessed for 
tissue chimaerism using in situ hybridization against neo in the target- 
ing vector to score for Gu,'~ (knockout) cells and histochemical 
staining for B-gal to score for Gz,*’* (wild-type) cells (Fig. 1a). On 
examining E17.5 embryos by in situ hybridization, chimaerism could 
be readily detected. Limb sections revealed neo-expressing Gx, ‘~ cell 
involvement in skin, muscle, bone and cartilage, but without evidence 
of contribution to bone marrow (Fig. 1b). In contrast, as a positive 
control for the in situ hybridization, we examined limb sections from 
mice chimaeric for an unrelated knockout and could readily detect 
bone-marrow chimaerism (Supplementary Fig. 1). Independent ana- 
lysis using B-gal staining for wild-type cells revealed only B-gal* cells in 
the bone marrow of Gz, ‘~ chimaeras, but both B-gal* and B-gal~ 
cells in the bone marrow of mice heterozygous for deletion of the 
maternal copy of Gx, (Ga,*'"~) (100% versus 44% B-gal*, respect- 
ively; Fig. 1c). Other tissues of Gz, ‘~ chimaeras demonstrated both 
B-gal* and B-gal” cells (Supplementary Fig. 2). Therefore, the bone 
marrow appeared distinctive in its lack of contribution from Ga, /~ 
cells. 

Evaluation of E13.5 fetal liver demonstrated significant chimaerism 
with Ga, ‘~ cells by B-gal (48% B-gal*; Fig. 1d) and no difference in 
colony-forming unit-culture (CFU-C) content between Gz,*/* and 
Ga, '~ chimaeric mononuclear cells (MNCs; Supplementary Fig. 3). 
Therefore, HSPCs form and have intact haematopoietic potential in 


the fetal liver even in the absence of Ga,, but without Ga,, there is a 
failure to engraft bone marrow by E17. 
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Figure 1| Ga, is required for HSPC engraftment of bone marrow in 
development. a, Chimaeric mice were created by injection of Ga, ‘~ or 
Gz, ‘* embryonic stem cells into wild-type or B-galactosidase transgenic 
blastocysts. At E17.5, the mice were killed and the organs were probed for 
Ga, '~ cells (using a neo probe). b, In situ hybridization of femur and tibia is 
shown. Bone marrow (BM), bone (B), muscle (M), skin (S) and 
chondrocytes (C) are indicated. Original magnification, X40. ¢, Mice were 
assessed by histochemistry for B-gal (blue stain) in Gx, ‘~ (left panel) or 
Ga,*/"~ (right panel) chimaeric animal bone marrow. Original 
magnification, X200. d, Histochemical analysis of B-gal expression in fetal 
liver from E13.5 Gz, /~ chimaeric mice. Original magnification, X 100. 
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To evaluate whether this developmental requirement was also present 
in adult HSPCs, we crossed Ga! (exon 1 of the Ga, gene flanked by 
loxP sites) mice with Mx1-Cre mice, a strain that enables high-efficiency 
polyl:C-induced Cre expression in HSPCs. Competitive repopulation 
was examined using bone-marrow MNCs obtained from 6-week-old 
Ga,*!* Mx1-Cre* or Gz,""Mx1-Cre* mice treated with polyl:C 
for 5 days (hereafter referred to as Mx1-Cre wild type and Mx1-Cre 
knockout, respectively), and transplanted in competition (1:1) with 
wild-type cells. Deletion of the Gz, gene in primitive cells was confirmed 
by polymerase chain reaction (PCR; Supplementary Fig. 4). Analysis of 
the number of HSPCs in the bone-marrow MNCs, phenotypically 
defined as Lin’ c-Kit’Scal *FIk2™, was also identical between the 
Mx1-Cre wild-type and Mx1-Cre knockout animals (wild type, 
0.031 + 0.012%; knockout, 0.038 + 0.002%; P= 0.545). Cells from 
the Mx1-Cre wild-type animals were able to engraft the bone marrow 
efficiently, whereas bone-marrow MNCs from the Mx1-Cre knockout 
mice were essentially absent from the bone marrow at early (4 weeks) 
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and late (l6weeks) time points after transplantation (Fig. 2a). 
Furthermore, when animals were transplanted with bone marrow cells 
from Mx1-Cre knockout mice in the absence of competing wild-type 
cells, spleen engraftment was significantly reduced as assessed by day 8 
colony-forming unit-spleen (CFU-Sg) number (Supplementary Fig. 5), 
and all animals died within 2 weeks, indicating a failure of extramedul- 
lary engraftment. Ga, is therefore required for HSPC engraftment in 
adult as well as in embryonic settings. 

A failure to engraft successfully may reflect multiple abnormalities, 
which we sequentially examined. As others had previously found that 
pharmacological modifiers of the adenylyl cyclase pathways influenced 
myeloid differentiation in vitro*’, bone-marrow MNCs were obtained 
from Mx1-Cre wild-type and knockout mice and progenitor cell 
activity was analysed using the CFU-C assay. No significant differences 
were observed between the genotypes in colony number (Fig. 2b), 
morphology or size. Similarly, analysis of the more primitive cell frac- 
tion using the long-term culture initiating cell (LTC-IC) assay'® 


a sa Mx1-Cre WT baa Mx1-Cre KO 60 
—~ 50 
Ww Ww x 
ae aie % 40 
5 5 lO 
= 2 s 2 A an 
Q 10 at Q P=0.001 
a aE we 
al 101 4 10! = a 
: 0 410 
490 {0.16% 5 ‘ 41.78% 490 {1.05% ak ; 95.49% 
10° 101 102 103 104 10° 101 102 103 104 0 a 


FL1-H:CD45.2 FITC 


FL1-H:CD45.2 FITC 


Mx1-Cre WT Mx1-Cre KO 


b c d 0.03; 
aWT 
o 305 ® 1.05 0.025 4 BKO kk 
S , g *P<0.0001 
= 054 a Zo5al * “ak Ss **P=0.009 
= , a SS = 0.024 
OO 294 A ete a ke 2 
S Aa a 8 0.64 = 4a 8 0.015 * 
Sis) S| a a gfe 
a “ = 044 a O 
8 104 5 . ‘S 2 0.014 
a = - 
5 P=0.721 0.24 = 
a 5 : P=0.442 dodaed 
kk 
Oo gl _,——__,—-_. 5 00 : i 
Ga,’* Ga, Ga,*!* Ga, 0 T 1 
BM Spleen 
e 
45, 
vt ~ 
$ 40, 60 
oO 
< 354 504 
g o 
© 304 2 40 
3 5 P=0.029 
> 254 fom 
E 2 30) 
@ 207 a 
8 154 § 20; 
re) = 
& 104 104 
5 5. = 
2 nt) 1 1 
0 WT KO 


Figure 2 | Ga, is required for HSPC engraftment of bone marrow in adults. 
Ga, was conditionally deleted in haematopoietic cells of 6-week-old Ga" 
Mx1-Cre mice and cells were then assessed for engraftment capability. 

a, Representative flow cytometric analysis at 16 weeks and collated data of 
engraftment of Mx1-Cre wild-type (Ga, *'*) or Mx1-Cre knockout (Ga, /~) 
cells in competitive repopulation assay (n = 8 from 2 independent 
experiments; error bars represent s.e.m.). b, c, Bone-marrow (BM) MNCs 
were assessed for their in vitro growth potential using CFU-C (b) and LTC- 
IC (c) assays. d, In vivo homing to wild-type bone marrow and spleen of 
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Mx1-Cre wild-type and knockout LKS™ cells (n = 3; error bars represent 
s.e.m.). e, Intravital imaging of calvarium bone marrow of wild-type 
recipient mice injected via the tail vein with Mx1-Cre wild-type or knockout 
LKS* cells stained with Vybrant DiD (1,1'-dioctadecil-3,3,3'- 
tetramethylindodicarbocyanine perchlorate). Representative images (red, 
DiD; green, autofluorescence; field of view, 330 X 330 1m; original 
magnification, X30) and quantification (graphs) of the number of cells 
visualized over a 30-s interval at ~35 min after infusion to be stably localized 
or circulating is shown (n = 3; error bars represent s.d.). 
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demonstrated no significant differences between the wild-type and 
knockout cells (Fig. 2c). Taken together, these data demonstrate that 
deletion of the Gx, gene does not alter the differentiation potential of 
primitive bone-marrow MNCs in vitro. 

Migratory capacity was next assessed using the primitive Lin ~ 
c-Kit”Scal” (LKS*) or more mature Lin c-Kit*Scal~ (LKS~) 
bone-marrow MNCs of Mx1-Cre wild-type or Mx1-Cre knockout 
mice. In vitro chemotaxis towards SDF-1a, the only known in vitro 
chemotactic agent for HSPCs"’, demonstrated comparable migratory 
capacity for each genotype of LKS™ cells for all but the lowest con- 
centration of SDF-1% (Supplementary Fig. 6a). In addition, there was 
no significant change in the chemotaxis of the more mature LKS— 
subset of cells (Supplementary Fig. 6b) or lymph node lymphocytes 
to SDF-1a, (data not shown) indicating that there was no generalized 
impairment of in vitro cell motility related to the Ga, defect. 

Primitive cells isolated from bone-marrow MNCs of Mx1-Cre 
wild-type or knockout mice were then evaluated for in vivo capacity 
to home to the bone-marrow environment. Fluorescently labelled 
LKS* cells were injected into the peripheral circulation of mice 
and the numbers of cells present in the bone marrow and spleen were 
measured using flow cytometry at 6 h after injection. Deletion of Ga, 
in LKS* bone-marrow MNCs resulted in a marked impairment in 
their ability to home to both the bone marrow and spleen (Fig. 2d). 
To examine whether this was specific to primitive cell homing to the 
bone marrow, or a more general defect, we examined the ability of the 
more mature LKS” and lymph node lymphocytes to home to hae- 
matopoietic organs. Whereas LKS” cells demonstrated a similar 
impairment as LKS~ cells (Supplementary Fig. 7a), no defect in 
Ga, '~ lymphocytes (genotype confirmed by PCR) homing to lymph 
node, bone marrow or spleen was observed (Supplementary Fig. 7b). 
These data argue against a generalized defect in cell homing asso- 
ciated with a deficiency of Ga, and identify a specific bone-marrow 
homing defect of primitive haematopoietic cells. To assess the 
specific homing defect of primitive Gz, ‘~ cells, we visualized 
HSPC homing in the calvarial bone-marrow endothelium using intra- 
vital confocal/two-photon videomicroscopy'”. We found that Ga, /~ 
LKS* cells were defective in their interaction with the bone-marrow 
endothelium with significantly fewer cells observed rolling on the 
endothelial cells, whereas the number of cells retained in the circula- 
tion was significantly increased (Fig. 2e and Supplementary Movies 1 
and 2). Therefore, Ga, is critical for the engagement of the bone- 
marrow vasculature by primitive haematopoietic cells, thereby 
enabling subsequent steps in stem-cell engraftment. 

Deletion of the Gx, subunit resulted in significant reductions in the 
ability of primitive cells to establish haematopoiesis in the bone- 
marrow environment. Therefore, we examined whether the same 
deletion had any effects once engraftment of the cells in the bone 
marrow had been achieved. To study this, bone-marrow MNCs from 
Mx1-Cre wild-type or Mx1-Cre knockout mice were transplanted into 
wild-type mice. Eight weeks after transplantation, the mice were 
treated with polyI:C to induce gene deletion (Fig. 3a). Longitudinal 
analysis demonstrated no significant differences between mice with 
Mx1-Cre wild-type or knockout cells in terms of peripheral blood 
complete blood count (CBC), bone-marrow CFU-C frequency 
(Supplementary Fig. 8a—c) or HSPC frequency as assessed by immu- 
nophenotype (Fig. 3b). Specific analysis of HSPC cell cycling status or 
number of apoptotic cells also indicated that there were no differences 
between the two different cell genotypes (Supplementary Fig. 9a, b). 
Furthermore, there was no evidence of HSPC enriched cell movement 
from the bone marrow to the peripheral blood by immunophenotypic 
analysis to indicate a retention defect. Rather, we did observe a striking 
defect in the ability of the Mx1-Cre knockout cells to be mobilized 
using granulocyte colony-stimulating factor (G-CSF; Fig. 3c). These 
data demonstrate that Ga, signalling is not required for HSPC reten- 
tion in the marrow, but under conditions of stress, mimicked here by 
G-CSF stimulation, trafficking out of the marrow space is impaired. 
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Figure 3 | Ga, signalling is not required for retention of the HSPCs in the 
bone marrow, but does influence mobilization by G-CSF. a, Diagrammatic 
representation of the procedure to assess Go, signalling in HSPC bone- 
marrow retention. Ga,*/* Mx1-Cre or Gz," Mx1-Cre cells were injected 
into wild-type mice; after 8 weeks, deletion of the Gu, gene was induced by 
polyI:C and bone marrow and peripheral blood evaluated. b, Retention of 
primitive LKS Flk2 Mx1-Cre wild-type or knockout cells in the bone 
marrow. Representative flow cytometric analysis at week 10 and mean 
collated data are shown (n = 5; error bars represent s.e.m.). ¢, Representative 
flow cytometric plots (left) and quantification (right) of HSPC mobilization 
into the peripheral circulation after 5 days of G-CSF. Scal and c-Kit 
expression of gated Lin Flk2™ cells is shown (n = 5; error bars represent 
s.e.m.). 


Genetic alteration of Ga, signalling demonstrated a central role in 
bone marrow homing of HSPCs. However, to determine if these 
findings might be relevant for medicine, we tested whether phar- 
macological modifiers of Ga, signalling could alter stem-cell function 
in vivo. We treated bone-marrow MNCs from wild-type C57BL/6 
mice with cholera toxin, a compound known to constitutively activ- 
ate Ga, by preventing GTP hydrolysis from the ADP-ribose—Ga,— 
GTP complex. Using a simple ex vivo exposure of cells for 1h, we 
observed increased intracellular cAMP concentrations within hae- 
matopoietic cells by enzyme-linked immunosorbent assay (ELISA; 
data not shown). This resulted in an enhancement in the ability of 
treated cells to both home and engraft in the bone marrow, with 
approximately twofold increased engraftment at 16 weeks (Fig. 4a, 
b). To test whether the enhancement by cholera toxin was due to a 
nonspecific action of the compound, homing of Gz, ‘~ cells treated 
with cholera toxin was assessed; however, no improvement in the 
homing defect was observed (Supplementary Fig. 10). Because 
stimulation of Ga,-coupled receptors has also been noted to increase 
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Figure 4 | Pharmacological modulation of Ga, affects homing and 
engraftment of primitive wild-type bone-marrow MNCs. a, Primitive Lin — 
bone-marrow MNCs pre-treated with cholera toxin or mock treated for 1h 
ex vivo were assessed for their in vivo homing potential (n = 3 from 3 
individual experiments; error bars represent s.e.m.). b, Engraftment 
potential in a competitive transplant model (n = 9 from 2 individual 
experiments; error bars represent s.e.m.). 


proliferation of HSPCs in developing zebrafish’*, we tested whether 
murine LKS* cells treated with cholera toxin demonstrated increased 
cell cycling after transplantation. Cell cycle evaluation of labelled cells 
2 days after injection into lethally irradiated hosts did not detect any 
difference between untreated and cholera-toxin-treated cells 
(Supplementary Fig. 11). Therefore, cholera toxin acting at least in 
part through the Ga,-coupled pathway augments the homing of the 
cells and engraftment in the bone marrow. This effect on engraftment 
was durable and without distortion of mature cell subsets, indicating 
that the cholera-toxin-induced improvement in HSPC engagement 
of the niche did not compromise cellular function. 

Elucidating the mechanisms by which HSPCs home to the bone- 
marrow environment has biological and medical implications that 
have made it an area of intense investigation. A number of molecules 
have been implicated; often they were studied because of their effects 
on other haematopoietic populations such as lymphocytes. Here we 
show that Ga, has a key role in the specific homing of HSPCs to the 
bone marrow, in a manner not shared by lymphocytes. 

The inability of stem cells to migrate to the bone marrow in develop- 
ment strongly resembles the phenotype observed with the deletion of 
CXCR4 or SDF-1e (refs 14, 15). This, coupled with an impairment in 
SDF-1la-responsive migration at specific concentrations in vitro, 
suggests that CKCR4 may be using Ga, as its predominant signalling 
pathway in that cell type. The data presented here do not rule out this 
possibility for fetal haematopoiesis. However, two important distinc- 
tions between the Ga, and CXCR4 null phenotypes exist for stem-cell 
function in adult animals. First, pharmacological interruption of 
CXCR¢4 signalling results in prompt mobilization of stem cells into 
the circulation’®. Genetic disruption of Ga, resulted in no such change 
in location. Indeed, G-CSF-induced mobilization of cells from the 
bone marrow was impaired in the absence of Go,, indicating that 
egress from the marrow may be diminished. Therefore, whereas 
CXCR4 is a key component of HSPC retention in the bone marrow”, 
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it is not exerting its effect through Ga,. Second, CXCR4 null cells 
engraft in the bone marrow, whereas Go, null cells do not’®. It is 
therefore unlikely that the role of Ga, is simply downstream of 
CXCR4 as this molecule is dispensable for HSPC engraftment in the 
transplant setting. 

Our results demonstrate that Ga, is critical at the HSPC homing 
stage, enabling engagement of the niche; however, continued Ga, 
signalling is not required to retain the cells there. There is then a 
meaningful molecular distinction between the homing, engraftment 
and retention processes. It could be hypothesized that the deficiency 
in the ability of the Gx, ‘~ cells to home to the bone marrow could lead 
to a depletion of the HSPCs in the marrow space and an accumulation 
in the blood. However, the decreased egress from the marrow may 
balance the decreased ingress. Alternatively, there may be compensatory 
changes in resident cells that mask changes in the population. 

Another unknown from these studies is the potential upstream 
receptor using this pathway. The candidates are numerous and 
may include adrenergic and prostaglandin receptors. The report of 
prostaglandin E, (PGE,) serving as a means of enhancing stem cell 
transplantation in mice’ indicates that this is probably at least one 
receptor capable of activating the pathway. Whether PGE, mediates 
an effect physiologically in mammals could not be discerned from the 
data of ref. 13; however, our data indicate that the downstream path- 
way is critical for physiological processes in development. 

The localization of stem cells after transplantation is a critical 
determinant of success of that clinical procedure. Currently, massive 
numbers of stem cells are required in clinical transplantation in part 
due to the limited efficiency of homing and engraftment. This is 
particularly problematic in umbilical cord blood transplantation 
where the number of stem cells is limited. This problem is being 
approached by dual unit transplantation, an expensive undertaking 
that indicates how a modest (twofold) increase in stem cells can 
profoundly affect clinical outcomes. Alternatives to the use of mul- 
tiple unit infusions might be to increase the homing efficiency of the 
cells, increase the nurturing capacity of the niche or increase the 
number of cells by ex vivo expansion. Each approach has potential 
and with new information about the means of affecting each para- 
meter, the possibility of translation to clinical trial. Transient expo- 
sure to agents stimulating Ga, is one such candidate approach. 


METHODS SUMMARY 

Ga,'~ chimaeric mice. Mice were created as described previously’. Gz, ‘~ 
embryonic stem cells were injected into a blastocyst transgenic for B-galactosi- 
dase. Resultant embryos were then assessed for tissue chimaerism using in situ 
hybridization against neo to detect Gu, /~ cells or histochemical staining for 
B-galactosidase to detect Gu,*/* cells. 

Ga, conditional knockout adult mice. Ga! * mice were crossed with Mx1- 
Cre* mice to create Ga! * Mx1-Cre* mice. These mice were then bred to obtain 
Ga!" Mx1-Cre* mice and Gz,*/* Mx1-Cre* littermates. Deletion of the Gz, 
gene was achieved after exposure of the mice to polyI:C for 5 days. Analysis of the 
primitive bone-marrow MNCs used standard in vitro immunophenotyping, 
CFU-C, LTC-IC and chemotaxis assays, or in vivo homing and engraftment 
assays. 

Ga, deletion after engraftment. Bone-marrow MNCs from Ga,*/* Mx1-Cre* 
or Ga," Mx1-Cre* mice were transplanted into wild-type mice. Eight weeks 
after transplantation, the mice were treated with polyl:C to induce deletion of the 
gene. Peripheral blood and bone-marrow MNCs were then evaluated at various 
time points after deletion. 

Cholera toxin treatment. Bone marrow MNCs from wild-type C57BL/6 mice 
were treated with cholera toxin (10 pg ml ') for 1h ex vivo. Treated cells were 
then used in in vivo homing and engraftment studies. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Flow cytometric, CFU-C and LTC-IC analyses. These analyses were as 
described previously'?”°?'. 

Induction of deletion. Mx1 promoter was induced by three intra-peritoneal 
injections of polyI:C (Amersham Biosciences) 250 tig over 5 days. Deletion 
was confirmed by PCR. 

Engraftment studies. For the competitive transplantation experiments, 
2.5 X 10° bone-marrow MNCs were mixed with 2.5 X 10° bone-marrow MNC 
cells from wild-type mice and relative contributions to haematopoiesis assessed 
as described previously”’. 

In vitro transmigration. Chemotaxis assays used 541m pore transwells 
(Corning-Costar Corp.). Bone marrow cells or lymph node lymphocytes 
(5 X 10*) were added to the upper well. Chemotaxis towards murine SDF-1o. 
(PeproTech Inc.) in the lower chamber was scored at 3 h. 

Homing in vivo. Purified bone-marrow cells or lymph node lymphocytes were 
labelled with 5 uM Dil or DiO (Molecular Probes Inc.) in accordance with the 
manufacturer’s instructions. Cells were injected by tail vein and assessed by flow 
cytometry of bone marrow and spleen at 6h, and of lymph nodes at 24h. 


nature 


Cholera toxin treatment. Purified cells were resuspended in fully supplemented 
medium at 1 X 10° cells ml~!. Cholera toxin (10 pg ml); Sigma) was added, 
incubated at 37 °C for 1 h, washed three times with PBS and used in the in vivo 
homing and engraftment studies. 

In vivo microscopy. Two-photon microscopy was performed as previously 
described’*. Video imaging was performed 30-40 min after intravenous injection 
of labelled cells for 10 min; supplementary movies represent a 10-s window in the 
middle of the recording period. Still images of cells were obtained 60 min after 
injection and cells were quantified as stably homed if no movement was evident 
over a several minute observation interval. 
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Histone modifications at human enhancers reflect 
global cell-type-specific gene expression 


Nathaniel D. Heintzman’”*, Gary C. Hon’**, R. David Hawkins'*, Pouya Kheradpour’, Alexander Stark>®, 
Lindsey F. Harp’, Zhen Ye', Leonard K. Lee’, Rhona K. Stuart’, Christina W. Ching', Keith A. Ching’, 

Jessica E. Antosiewicz-Bourget’, Hui Liu®, Xinmin Zhang®, Roland D. Green’®, Victor V. Lobanenkov’, Ron Stewart’, 
James A. Thomson”’’®, Gregory E. Crawford'!, Manolis Kellis”® & Bing Ren’ 


The human body is composed of diverse cell types with distinct 
functions. Although it is known that lineage specification depends 
on cell-specific gene expression, which in turn is driven by pro- 
moters, enhancers, insulators and other cis-regulatory DNA 
sequences for each gene’”, the relative roles of these regulatory 
elements in this process are not clear. We have previously 
developed a chromatin-immunoprecipitation-based microarray 
method (ChIP-chip) to locate promoters, enhancers and insula- 
tors in the human genome‘. Here we use the same approach to 
identify these elements in multiple cell types and investigate their 
roles in cell-type-specific gene expression. We observed that the 
chromatin state at promoters and CTCF-binding at insulators is 
largely invariant across diverse cell types. In contrast, enhancers 
are marked with highly cell-type-specific histone modification 
patterns, strongly correlate to cell-type-specific gene expression 
programs on a global scale, and are functionally active in a cell- 
type-specific manner. Our results define over 55,000 potential 
transcriptional enhancers in the human genome, significantly 
expanding the current catalogue of human enhancers and high- 
lighting the role of these elements in cell-type-specific gene 
expression. 

We performed ChIP-chip analysis as described previously to deter- 
mine binding of CTCF (insulator-binding protein) and the coactiva- 
tor p300 (also known as EP300), and patterns of histone modifications 
in five human cell lines: cervical carcinoma HeLa, immortalized lym- 
phoblast GM06690 (GM), leukaemia K562, embryonic stem cells (ES) 
and BMP4-induced ES cells (dES). We first investigated 1% of the 
human genome selected by the ENCODE consortium’, using DNA 
microarrays consisting of 385,000 50-base oligonucleotides that tile 
30-million base pairs (bp) at 36 bp resolution. We examined mono- 
and tri-methylation of histone H3 lysine 4 (H3K4mel, H3K4me3) 
and acetylation of histone H3 lysine 27 (H3K27ac) at well-annotated 
promoters, reasoning that the state of these histone modifications 
would vary in a cell-type-specific manner. To our surprise, the chro- 
matin signatures at promoters are remarkably similar across all cell 
types (Fig. la). Quantitative comparison of ChIP-chip enrichment 
(see Supplementary Information) revealed highly correlated histone 
modification patterns at promoters across all cell types, with an 
average Pearson correlation coefficient of 0.71 (Supplementary 
Fig. la). This observation also holds for the larger set of Gencode 
promoters (Supplementary Fig. 2). 


Next, we identified putative insulators in the ENCODE regions for 
these cell types based on CTCF binding, because mammalian insula- 
tors are generally understood to require CTCF to block promoter— 
enhancer interactions’. We observed nearly identical CTCF occu- 
pancy (Supplementary Table 1 and Supplementary Fig. le) and highly 
correlated CTCF enrichment patterns across all five cell types 
(Supplementary Fig. 1b), providing experimental support for the 
mostly cell-type-invariant function of CTCF as suggested by DNase 
hypersensitivity mapping results’. 

We then investigated transcriptional enhancers in the ENCODE 
regions, performing ChIP-chip in HeLa, K562 and GM cells to locate 
binding sites for the transcriptional coactivator protein p300 
(Supplementary Tables 2—4) because p300 is known to localize at 
enhancers’. We observed highly cell-type-specific histone modifica- 
tion patterns at distal p300-binding sites (Supplementary Fig. 1f), in 
marked contrast to the similarities in histone modifications across 
cell types at promoters. We then used our chromatin-signature- 
based prediction method® to identify additional enhancers in the 
ENCODE regions in these cell types (Fig. 1b and Supplementary 
Tables 5—9). In addition to the characteristic H3K4mel enrichment, 
predicted enhancers are frequently marked by acetylation of H3K27, 
DNasel hypersensitivity and/or binding of transcription factors and 
coactivators, and many contain evolutionarily conserved sequences 
(Supplementary Figs 3 and 4; see Supplementary Information). 
Unlike promoters and insulators, but similar to p300-binding sites, 
the histone modification patterns at predicted enhancers are largely 
cell-type-specific (Fig. 1b and Supplementary Fig. 1d), in agreement 
with observations that H3K4mel is distributed in a cell-type-specific 
manner”’. 

These results indicate that enhancers are the most variable class of 
transcriptional regulatory element between cell types and are probably 
of primary importance in driving cell-type-specific patterns of gene 
expression. Knowledge of enhancers is therefore critical for under- 
standing the mechanisms that control cell-type-specific gene expres- 
sion, yet our incomplete knowledge of enhancers in the human genome 
has confined previous studies of gene regulatory networks mainly to 
promoters. To identify enhancers on a genome-wide scale and facilitate 
global analysis of gene regulatory mechanisms, we performed ChIP- 
chip throughout the entire human genome as described®, mapping 
enrichment patterns of H3K4mel and H3K4me3 in HeLa cells. 
Using previously described chromatin signatures for enhancers’, we 
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Figure 1| Chromatin modifications at promoters are generally cell-type- 
invariant whereas those at enhancers are cell-type-specific. We used 
ChIP-chip to map histone modifications (H3K4mel, H3K4me3 and 
H3K27ac) in the ENCODE regions in five cell types (HeLa, GM, K562, ES, 
dES). a, We performed k-means clustering on the chromatin modifications 
found +5 kb from 414 promoters, and observe them to be generally 


predicted 36,589 enhancers in the HeLa genome (Fig. 2a and Supple- 
mentary Table 10; see Supplementary Information). This method 
correctly located several previously characterized enhancers, including 
the B-globin HS2 enhancer" and distal enhancers for the PAX6 (ref. 12) 
and PLAT” genes (Fig. 2b). Most predicted enhancers are distal to 
promoters (Fig. 2c), have strong evolutionary conservation (see 
Supplementary Information) and are marked by histone acetylation 
(H3K27ac), binding of coactivator proteins (p300, MED1) or DNasel 
hypersensitivity (DHS) (Fig. 2a, d; see Supplementary Information). 
We verified the functional potential of predicted HeLa enhancers using 
luciferase reporter assays as described° (see Supplementary Methods). 
Out of nine predicted enhancers that we evaluated, seven (78%) were 
active in reporter assays (Fig. 2e and Supplementary Table 11), with 
median activity significantly different from that in random genomic 
regions (P= 3.25 X 10 *). These results support the suitability of 
using chromatin signatures to identify genomic regions with enhancer 
function. 

We evaluated the predicted enhancers for conserved motif-like 
sequences using several-hundred shuffled TRANSFAC motifs across 
ten mammals in a phylogenetic framework that tolerates motif move- 
ment, partial motifloss and sequencing or alignment discrepancies (see 
Supplementary Methods). Predicted enhancers showed conservation 
for 4.3% of instances (at branch-length-score >50%, see Supple- 
mentary Methods), which is substantially greater than for the remain- 
ing intergenic regions (2.9%, P<1107') and even promoter 
regions (3.9%, P=1%X 10°’). Additionally, testing a list of 123 
unique TRANSFAC motifs as described’* (see Supplementary Infor- 
mation), we found that 67 (54%) are over-conserved and 39 (32%) are 
enriched in predicted enhancers (Supplementary Table 12). We also 
performed de novo motif discovery in enhancer regions using multiple 
alignments of 10 mammalian genomes (see Supplementary Methods), 


invariant across cell types. b, As in a, but clustering on 1,423 non-redundant 
enhancers predicted on the basis of chromatin signatures, revealing the cell- 
type-specificity of enhancers. LogR is the log ratio of enrichment of each 
marker as determined by ChIP-chip. Promoters and predicted enhancers are 
located at the centre of 10-kb windows as indicated by black triangles. 


revealing 41 enhancer motifs, 19 of which match known transcription 
factor motifs whereas 22 are new (Supplementary Table 13). These 
motifs show conservation rates between 7% and 22% in enhancers 
(median 9.3%), compared to only 1.1% for control shuffled motifs 
of identical composition. Furthermore, over 90% of these motifs seem 
to be unique to enhancers, as only 4 motifs are enriched in promoter 
regions and 12 are in fact depleted in promoters (Supplementary Table 
13), indicating that predicted enhancers contain unique regulatory 
sequences that may be specific to enhancer function. 

To investigate the association of predicted enhancers with HeLa- 
specific gene expression, we used Shannon entropy’® to rank genes by 
the specificity of their expression levels in HeLa compared to that in 
three other cell lines (K562, GM06990, IMR90) (Supplementary Fig. 5; 
see Supplementary Information), and then plotted the distribution of 
enhancers around genes within insulator-delineated domains (as 
defined by CTCF-binding sites in Supplementary Fig. 6; see Supple- 
mentary Information). Predicted enhancers are markedly enriched 
near HeLa-specific expressed genes (Fig. 3a), particularly within 
200kb of promoters. We observed a_ 1.83-fold enrichment 
(P=4.71X 10°”) of predicted enhancers around HeLa-specific 
expressed genes relative to a random distribution (see Supple- 
mentary Information) and significant depletion of enhancers around 
non-specific expressed genes (P= 5.43 X 10'°) and HeLa-specific 
repressed genes (P= 4.63 X 10 ”). 

To investigate more directly the relationship between chromatin 
modification patterns at enhancers and cell-type-specific gene express- 
ion, we expanded our global analysis to another cell type. We per- 
formed genome-wide ChIP-chip for H3K4mel and H3K4me3 in 
K562 cells and identified 24,566 putative enhancers in this cell type 
using our chromatin-signature-based enhancer-prediction method 
(Supplementary Table 14; see Supplementary Information). 
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Figure 2 | Genome-wide enhancer predictions in human cells. a, We predict 
36,589 enhancers in HeLa cells on the basis of chromatin signatures for 
H3K4mel and H3K4me3 as determined by ChIP-chip using genome-wide 
tiling microarrays and condensed enhancer microarrays (see Supplementary 
Information). Enhancer predictions are located at the centre of 10-kb 
windows as indicated by black triangles, and ordered by genomic position. 
Enrichment data are shown for histone modifications (H3K4mel, H3K4me3 
and H3K27ac), DNasel hypersensitivity (DHS), and binding of p300 and 
MED1. b, ChIP-chip enrichment profiles at several known enhancers 
(indicated in red) recovered by prediction: B-globin HS2 (chromosome 11: 
5,258,371-5,258,665)'!, PAX6 (chromosome 11: 31,630,500—31,635,000)", 
PLAT (chromosome 8: 42,191,500—42,192,400)"* (5-kb windows centred on 
enhancer predictions; images generated in part at the UCSC Genome 
Browser). c, Predicted enhancer distribution relative to UCSC Known 


Consistent with results in the ENCODE regions, most enhancers pre- 
dicted in K562 and HeLa cells are unique to either cell type (Fig. 3b), 
even though most expressed genes are common between the cell types 
(Fig. 3c). Chromatin modification profiles at predicted enhancers 
throughout the genome are highly cell-type-specific (Fig. 3d), with a 
Pearson correlation coefficient of —0.32. Furthermore, these differe- 
nces seem to have regulatory implications, because domains with 
HeLa-specific expressed genes are enriched in HeLa enhancers but 
depleted in K562 enhancers, and vice versa (Fig. 3e; see Supple- 
mentary Information). These observations hold across all five cell types 
in the ENCODE regions (see Supplementary Information). To assess 
the cell-type-specificity of enhancer activity, we cloned enhancers pre- 
dicted specifically in K562 cells (and not in HeLa cells) and subjected 
them to reporter assays in HeLa cells as described above. Out of nine 
K562-specific enhancers tested, only two (22%) were active in HeLa 
cells (Supplementary Fig. 7), and the median activity of the K-562- 
specific enhancers was not significantly different from random 
(P = 0.11), indicating that the enhancer chromatin signature is a reli- 
able marker of cell-type-specific enhancer function. 

Although most enhancers are cell-type-specific, the presence of 
predicted enhancers shared by HeLa and K562 (Fig. 3b, d) indicates 
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Genes. Most enhancers have intergenic (56.3%) or intronic (37.9%) 
localization relative to UCSC Known Gene 5'-ends. d, Most enhancers 
(64.8%) are significantly marked by DNasel hypersensitivity, binding of 
p300, binding of MED1, or some combination thereof. e, Seven out of nine 
enhancers predicted in HeLa cells were active in reporter assays (red bars) as 
compared to none of the random fragments selected as controls (grey), 
where activity is defined as relative luciferase value greater than 2.33 
standard deviations (P = 0.01) above the median random activity (grey 
dashed line). Error bars, standard deviation. Regions of ~ 1—2 kb in size were 
randomly selected for validation in reporter assays based on histone 
modification patterns as in a, overlap with features in d, and sequence 
features amenable to cloning by means of polymerase chain reaction (see 
Supplementary Information). a.u., arbitrary units. 


that some enhancers may be active in multiple cell types or condi- 
tions. We compared the HeLa enhancer predictions with the results 
of several genome-wide studies of binding sites for sequence-specific 
transcription factors in different cell types, namely oestrogen recep- 
tor'® (ER, also known as ESR1), p53 (TP53; ref. 17) and p63 (TP63; 
ref. 18) in MCF7, HCT116 and ME180 cells, respectively. 
Interestingly, significant percentages of binding sites for each tran- 
scription factor (from 21.4% to 32.6%) overlap with predicted 
enhancers in HeLa cells (Fig. 4a and Supplementary Table 15), in 
contrast to a significant depletion of the repressor NRSF (also known 
as REST)"” at predicted enhancers and minimal overlap with CTCF- 
binding sites (see Supplementary Information). 

To examine the potential role of enhancers in regulating inducible 
gene expression, we treated HeLa cells with the cytokine interferon-y 
(IFN-y) and identified binding sites for the transcription factor STAT1 
throughout the genome using ChIP-chip. STAT1 generally binds its 
target DNA sequences only after IFN-y induction”’, with a small frac- 
tion of binding possible before induction*'. In IFN-y-treated HeLa cells, 
we identified 1,969 STAT1-binding sites (Supplementary Table 16), 
with 85.8% of STAT 1-binding sites occurring distal to Known Gene 
5'-ends. Comparison of these distal STAT 1-binding sites with recent 
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analysis of STAT1 binding in uninduced HeLa cells*' shows that only 
6.5% of IFN-y-induced STAT 1-binding sites are occupied by STAT1 
before induction. We observed that 429 distal STAT1-binding sites 
overlapped enhancers predicted in HeLa cells before induction 
(Fig. 4a and Supplementary Table 15). The H3K4mel enhancer chro- 
matin signature is present before induction at these STAT 1-binding 
sites, which we designated as STAT1 group I, whereas no evidence 
of this signature was visible at the remaining 1,260 distal STAT1- 
binding sites, designated STAT1 group II (Fig. 4b). Intriguingly, we 
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Figure 3 | Chromatin modifications at enhancers 
are globally related to cell-type-specific gene 
expression. a, Enhancer localization relative to 
HeLa-specific expressed genes compared to 
K562, GM06990 and IMR90 cells (red), non- 
specific expressed (green), HeLa-specific 
repressed (black), and a random distribution 
(dashed grey). Predicted enhancers are enriched 
around HeLa-specific expressed genes within 
insulator-defined domains and depleted in 
domains of ubiquitous or non-expressed genes 
(P-value reflects significance of enhancer 
enrichment in domains of HeLa-specific 
expressed genes, see Supplementary 
Information). TSS, transcription start site. 

b, c, Most enhancers predicted in HeLa and K562 
cells are cell-type-specific (b) whereas most genes 
in HeLa and K562 cells are not specifically 
expressed (c); n = integer number of enhancers 
or genes in each set. d, Chromatin modification 
patterns are cell-type-specific at most of the 
55,454 enhancers predicted in HeLa and K562 
cells. e, Comparison of enhancer enrichment and 
differential gene expression between HeLa cells 
and K562 cells revealed that HeLa enhancers are 
enriched near HeLa-specific expressed genes 
(blue line) whereas K562 enhancers are enriched 
near K562-specific expressed genes (orange line). 


K562 


observed significant relative induction of expression of genes in the 
domains of STAT1-group-I-binding sites after just 30 min of IFN-y 
induction, whereas induction levels remained relatively unchanged 
for genes in the domains of other distal STAT 1-group-II-binding sites 
during this time (Fig. 4c). These findings indicate that an enhancer 
chromatin signature confers increased regulatory responsiveness to a 
STAT1-binding site, in agreement with our previous discovery of 
functional enhancers in HeLa cells that were marked by the enhancer 
chromatin signature but were not active until they were bound by 
STATI (ref. 5). 

Our findings offer, to our knowledge, the first genome-wide evalu- 
ation of the relationship between chromatin modifications at tran- 
scriptional enhancers and global programs of cell-type-specific gene 
expression. We determined over 55,000 potential enhancers in the 
human genome and show that the chromatin modifications at the 


Figure 4 | Chromatin modifications are associated with an increased 
regulatory response of transcription-factor-binding sites at enhancers. 

a, Predicted enhancers in steady-state HeLa cells overlap with significant 
fractions of transcription-factor-binding sites (ER, p53, p63) in diverse cell 
types (MCF7, HCT116, ME180), as well as with STAT 1-binding sites in HeLa 
cells treated with the cytokine interferon-y (HeLa-IFN-y) (TF, transcription 
factor; TFBS, transcription factor binding sites). b, Hundreds of STAT1- 
binding sites after treatment (+IFN-y) are marked by the enhancer 
chromatin signature in HeLa cells even before treatment (—IFN-y). ¢, In 
HeLa cells treated with IFN-y (upper panel), gene expression is significantly 
(P =5.8 X10 *) more likely to be induced by STAT] binding at sites with 
the enhancer chromatin signature (red, STAT1 group I) than by STAT1 
binding at other distal sites (red, STAT1 group II) relative to a random 
distribution (grey). Error bars, standard deviation. 
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enhancers correlate with cell-type-specific gene expression and func- 
tional enhancer activity. Perhaps the most intriguing observation is 
the large number of enhancers identified from the investigation of just 
two cell lines. Because enhancers are mostly cell-type-specific, our data 
indicate the existence of a vast number of enhancers in the human 
genome, on the order of 10°—10°, that are used to drive specific gene 
expression programs in the 200 cell types of the human body. Future 
experiments with diverse cell types and experimental conditions will 
be necessary to comprehensively identify these regulatory elements 
and understand their roles in the specific gene expression program 
of each cell type. 


METHODS SUMMARY 


HeLa, K562 and IMR90 cells were obtained from ATCC. GM06990 cells were 
acquired from Coriell. All cells were cultured under recommended conditions. 
Passage 32 H1 cells were cultured as described” with/without 200 ng ml’ BMP4 
for 6 days (RND Systems). Chromatin preparation, ChIP, DNA purification and 
ligation-mediated PCR were performed as described using commercially available 
and custom-made antibodies, and ChIP samples were hybridized to tiling micro- 
arrays and to custom-made condensed enhancer microarrays (NimbleGen 
Systems, Inc.) as described*®. DNase-chip was performed and the data analysed 
as described’’. Cloning and reporter assays were performed as described*. Data 
were normalized as described’, and ChIP-chip targets for CTCF, p300, MED1 and 
STATI were selected with the Mpeak program. We used MA2C (ref. 24) to 
normalize and call peaks on Nimblegen HD2 arrays. Enhancers were predicted, 
and k-means clustering, intersection analysis and evolutionary conservation ana- 
lysis were performed as described®. Motif analysis was performed as described”. 
Gene expression was analysed using HGU133 Plus 2.0 microarrays (Affymetrix) 
as described’. Specificity of expression was determined using a function of 
Shannon entropy'*. We use the MASS algorithm from the Bioconductor R pack- 
age to generate gene expression present/absent calls. Detailed methods can be 
found in Supplementary Information. Supplementary data for the microarray 
experiments have been formatted for viewing in the UCSC genome browser via 
http://bioinformatics-renlab.ucsd.edu/enhancer. 
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CBP/p300-mediated acetylation of histone H3 on 


lysine 56 


Chandrima Das’, M. Scott Lucia”, Kirk C. Hansen® & Jessica K. Tyler’ 


Acetylation within the globular core domain of histone H3 on 
lysine 56 (H3K56) has recently been shown to have a critical role 
in packaging DNA into chromatin following DNA replication and 
repair in budding yeast'*. However, the function or occurrence of 
this specific histone mark has not been studied in multicellular 
eukaryotes, mainly because the Rtt109 enzyme that is known to 
mediate acetylation of H3K56 (H3K56ac) is fungal-specific**. Here 
we demonstrate that the histone acetyl transferase CBP (also 
known as Nejire) in flies and CBP and p300 (Ep300) in humans 
acetylate H3K56, whereas Drosophila Sir2 and human SIRT1 and 
SIRT2 deacetylate H3K56ac. The histone chaperones ASF1A in 
humans and Asf1 in Drosophila are required for acetylation of 
H3K56 in vivo, whereas the histone chaperone CAF-1 (chromatin 
assembly factor 1) in humans and Cafl1 in Drosophila are required 
for the incorporation of histones bearing this mark into chromatin. 
We show that, in response to DNA damage, histones bearing acety- 
lated K56 are assembled into chromatin in Drosophila and human 
cells, forming foci that colocalize with sites of DNA repair. 
Furthermore, acetylation of H3K56 is increased in multiple types 
of cancer, correlating with increased levels of ASF1A in these 
tumours. Our identification of multiple proteins regulating the 
levels of H3K56 acetylation in metazoans will allow future studies 
of this critical and unique histone modification that couples chro- 
matin assembly to DNA synthesis, cell proliferation and cancer. 
H3K56 acetylation has a critical role in regulating chromatin 
assembly following DNA synthesis'’”, chromatin disassembly during 
transcriptional activation’ and cell survival’ in yeast. Although 
H3K56ac clearly exists in Drosophila®”, it is not known whether these 
functions of H3K5é6ac extend to multicellular eukaryotes. To investi- 
gate the function of H3K56ac in higher eukaryotes (Supplementary 
Fig. 1), we asked whether histones carrying K56ac are incorporated 
into chromatin following DNA repair in Drosophila S2 cells using 
antibodies specific to H3K56ac (Supplementary Fig. 2). Exposure to 
hydroxyurea, methyl methane sulphonate (MMS) or ultraviolet irra- 
diation increased the level of H3K56ac on chromatin in a dose- 
dependent manner, as determined by western blotting (Fig. la and 
Supplementary Fig. 3) and immunofluorescence analyses (Fig. 1b 
and Supplementary Fig. 4). Notably, these agents did not result in 
an accumulation of cells in S phase (Supplementary Fig. 5). 
Consistent with the requirement for the histone chaperone anti- 
silencing function 1 (Asfl) for H3K56 acetylation in yeast®, we found 
that Drosophila Asf1 is required for both the endogenous level (Fig. 1c 
and Supplementary Fig. 6) and the DNA-damage-induced increase 
in the level (Fig. 1d) of H3K56ac in vivo. Notably, knockdown of 
another histone chaperone, chromatin assembly factor 1 (Caf1), also 
markedly decreased the levels of H3K56ac on chromatin (Fig. le). 
However, knockdown of Cafl, but not Asfl, resulted in accumula- 
tion of H3K56ac in the soluble protein fraction (Fig. 1f). As such, 


these results demonstrate that Drosophila Cafl is required for the 
assembly of histones carrying the K56ac mark into chromatin, 
whereas Asfl is required for H3K56 acetylation per se. Using 
Drosophila embryos cycling synchronously between S and M phases, 
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Figure 1| Drosophila Asf1 promotes H3K56 acetylation whereas Caf1 
deposits H3K56ac into chromatin. a, b, H3K56ac levels in chromatin after 
DNA damage. HU, hydroxyurea; UV, ultraviolet. c, Asfl is required for 
H3K56 acetylation, and in response to DNA damage. “GFP” indicates a 
control RNAi against the green fluorescent protein. d, e, H3K56ac levels on 
chromatin following Cafl p180 knockdown. f, H3K56ac levels in free 
histones in the supernatant (S) and chromatin-bound pellet (P). The asterisk 
indicates a likely proteolytic product of H3. g, Drosophila embryos were 
stained with no primary antibody (No Ab) or with antisera to Asfl or K56ac, 
as indicated. Secondary antibody was included in all analyses. Magnification 
of the boxed regions is shown to the right. Original magnification, < 600 
(b) and X 100 (g). 
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we detected no apparent difference in the amount of H3K56ac 
present in S- or M-phase nuclei (Fig. 1g). During mitosis, the staining 
of H3K56ac closely followed that of the condensed mitotic chromo- 
somes, indicating that the H3K56ac mark is indeed on the chromatin 
rather than free in the nucleus. This is in contrast to the situation in 
yeast, where high levels of H3K56ac are only detectable in S phase’. 

The enzymes that acetylate and deacetylate H3K56 are unknown in 
multicellular organisms. Given the structural similarity between the 
yeast H3K56 histone acetyl transferase (HAT) Rtt109 (ref. 10) and 
p300/CBP "’, we investigated the potential role of Drosophila CBP” in 
acetylating H3K56. Treatment of S2 cells with curcumin—an inhib- 
itor of the CBP/p300 family of HAT proteins'’-—markedly decreased 
H3K56ac levels (Fig. 2a). Furthermore, knockdown of CBP (Fig. 2b 
and Supplementary Fig. 6), but not knockdown of another H3- 
specific HAT, Gcn5 (also known as Pcaf; ref. 14; Supplementary 
Fig. 6), blocked acetylation of H3K56 in both the absence and the 
presence of DNA damage (Fig. 2b, c), indicating that CBP is the 
major H3K56 acetylase in Drosophila. Consistent with the idea that 
Asfl and CBP function together to acetylate H3K56 in flies, CBP 
coimmunoprecipitates with Asfl (Supplementary Fig. 7). The 
NAD-dependent histone deacetylases (HDACs) Hst3 and Hst4 are 
the major H3K56ac HDACs in yeast'®’®. To investigate whether an 
NAD-dependent HDAC mediates H3K56 deacetylation in 
Drosophila, we treated S2 cells with the NAD-dependent HDAC 
inhibitor nicotinamide’’”. Treatment with nicotinamide, but not with 
the related molecule nicotinic acid, resulted in increased H3K56ac 
levels (Fig. 2d and Supplementary Fig. 8). Of the six Drosophila 
NAD-dependent HDACs, Sir2 is the closest counterpart of yeast 
Hst3 and Hst4. Indeed, knockdown of Drosophila Sir2 greatly 
increased the level of H3K56ac (Fig. 2e and Supplementary Fig. 6), 
indicating that Sir2 deacetylates H3K56ac in Drosophila. 
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Figure 2 | Drosophila CBP acetylates H3K56 whereas Sir2 deacetylates 
H3K56ac in vivo. a, Inhibition of CBP by curcumin lowers levels of H3K56ac 
in S82 cells. Duplicate analyses are shown. b, CBP acetylates H3K56. The 
asterisk indicates a likely proteolytic product of H3. ¢, CBP is required for the 
increase of H3K56ac on chromatin after DNA damage. d, Inhibition of 
NAD-dependent HDACs by nicotinamide increases K56ac. e, Sir2 
deacetylates H3K56ac 
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Besides one global mass spectrometry study of histone modifica- 
tions'*, H3K56ac has not previously been reported in human cells. By 
western blot analysis of chromatinized histones from HeLa cells, we 
clearly detected H3K56ac in humans (Fig. 3a). The amount of 
H3K56ac in HeLa and S2 cells was similar (Supplementary Fig. 9), 
and mass spectrometry analysis confirmed the existence of H3K56 
acetylation in HeLa cells (Supplementary Fig. 10). Furthermore, the 
amount of H3K5é6ac on chromatin increased in response to gamma- 
irradiation in a dose-dependent manner (Fig. 3a). The clear coloca- 
lization of H3K56ac and the phosphorylated histone variant H2AX 
(H2AXp) following DNA damage indicated that the assembly of 
histones carrying H3K56ac is enriched at sites of DNA repair 
(Fig. 3b). The levels of H3K56ac on human chromatin were also 
increased following ultraviolet, MMS and hydroxyurea treatment 
(Fig. 3c). By flow cytometry analysis, we found that, even in the 
absence of DNA damage, human cells in all stages of the cell cycle 
have abundant H3K56ac staining (Supplementary Fig. 11). 

Consistent with the reduced level of acetylation of H3K56 in 
human cells on curcumin treatment (Supplementary Fig. 12), we 
found that both CBP and p300 contribute to acetylation of H3K56 
in human cells (Fig. 3d, e and Supplementary Fig. 13). Furthermore, 
CBP and p300 directly acetylate histone H3 on lysine 56 in vitro 
(Fig. 3f, g), with high efficiency as determined by mass spectrometry 
analysis (Supplementary Fig. 13). Acetylation of H3K56ac by the 
yeast HAT Rtt109 requires that histones H3—H4 be pre-bound to 
the histone chaperone Asf1 (ref. 19). However, this is not the case 
with CBP in vitro, because it efficiently acetylated H3K56 irrespective 
of whether the histones were bound to Asf1 (Fig. 3f). Towards iden- 
tifying the human HDAC for H3K56, we found that treatment of 
human cells with nicotinamide greatly increased the level of H3K56ac 
(Fig. 3h), implicating an NAD-dependent HDAC. Small interfering 
RNA (siRNA) knockdown analyses of human SIRT1 and SIRT2 
indicated that both enzymes contribute to deacetylation of H3K56 
in human cells (Fig. 3i). Indeed, both recombinant human SIRT2 and 
SIRT1 deacetylated H3K56 in vitro, with SIRT2 being the more active 
enzyme (Fig. 3j and Supplementary Fig. 14). Treatment of human 
cells with sodium butyrate notably increased H3K5é6ac levels 
(Supplementary Fig. 12), additionally implicating a class I or class 
Il HDAC in H3K56 deacetylation. Taken together, these data reveal 
that human CBP and p300 are the H3K56 acetylases whereas SIRT2 
and SIRT1 are H3K56ac deacetylases. 

Next, we investigated whether either of the two forms of the 
human ASF1 histone chaperone, ASF1A and ASFI1B, is involved in 
H3K56 acetylation. Using yeast strains that express equivalent levels 
of human ASF1A, human ASF1B or Drosophila Asf1 in the place of 
the yeast Asfl protein”, it was apparent that human ASF1A and 
Drosophila Asf1, but not human ASF1B, can assist yeast Rtt109 in 
the acetylation of H3K56 (Fig. 4a). In agreement, knockdown of 
ASF1A decreased the amount of H3K56ac in human cells more than 
knockdown of ASF1B whereas the combined knockdown of both 
ASFIA and ASFIB resulted in no detectable H3K56ac (Fig. 4b). 
The requirement for ASF1 for H3K56 acetylation in vivo, but not 
in vitro, indicates that additional constraints exist in vivo. We also 
found that human ASF1 is required for the increase in levels of 
H3K56ac on chromatin following DNA damage, whereas human 
CAF-1 is required for the assembly of the H3K56 acetylated histones 
onto DNA (Fig. 4c, d). Further supporting the role of ASF1A versus 
ASF1B in H3K56 acetylation, there is a notable correlation between 
levels of H3K56 acetylation and ASF1A but not ASF1B in a wide 
variety of normal and cancerous human tissues (Fig. 4e). The increase 
in levels of H3K56ac in many cancer tissues (Fig. 4e and Supple- 
mentary Figs 15 and 16) in a manner that is proportional to tumour 
grade (Supplementary Fig. 17 and Supplementary Table 1) led us to 
investigate whether H3K56ac levels correlate with proliferation and/ 
or tumorigenicity. Non-tumorigenic MCFI10A cells show much 
lower levels of H3K56ac than tumorigenic MCF7 breast cancer cells 
(Fig. 4f). Furthermore, H3K56ac staining also occurred in cancer 
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Figure 3 | Human CBP and p300 acetylate H3K56 whereas SIRT1 and 
SIRT2 deacetylate H3K56ac. a, Levels of H3K56ac on human chromatin 
following gamma irradiation (IR). + and + + indicate increasing amounts 
of gamma irradiation. b, H3K56ac localizes to DNA damage foci. Original 
magnification, X 600. c, Hydroxyurea (HU), MMS and ultraviolet (UV) 
induce H3K56Ac. d, e, CBP and p300 are required for acetylation of H3K56 
in the absence (d) and presence (e) of DNA damage. f, g, Human CBP (f) and 


cells that are not positive for the proliferation marker K;-67 (ref. 21; 
Fig. 4g). These data indicate that H3K56ac levels correlate with 
tumorigenicity rather than proliferation. Consistent with the 
increased level of H3K56ac in dedifferentiated cancer cells, we also 
find that H3K56ac levels positively correlate with the undifferenti- 
ated nature of cells. For example, H3K56ac levels are higher in 
embryos than in cell lines (Fig. 4h) and the level of H3K56ac rapidly 
drops on in vitro differentiation of cell lines (Fig. 41 and Supple- 
mentary Fig. 18). 

Recent yeast studies indicate that H3K56ac increases the ability of 
histones to bind to CAF-1, which subsequently deposits the histones 
onto newly synthesized DNA’”. This is also likely to be the case in 
humans, given that knockdown of CAF-1 blocks incorporation of 
H3K56ac into chromatin (Figs 1f and 4d) and that inhibition of 
ASF1 blocks DNA replication and chromatin assembly of newly syn- 
thesized DNA***. In agreement, CBP/p300 promote DNA replica- 
tion and cell proliferation””*. Furthermore, p300 is recruited to sites 


p300 (g) acetylate H3K56 in vitro. “GST—Asf1’ indicates recombinant Asf1 
fused to the glutathione S-transferase affinity tag. h, Inhibition of NAD- 
dependent HDACs increases H3K56ac levels. The asterisk indicates a likely 
proteolytic product of H3. i, Human SIRT2 and SIRT1 deacetylate H3K56ac 
in vivo. Long and short exposures (exp) are shown. j, Human SIRT2 and 
SIRT1 deacetylate H3K56ac in vitro. 


of DNA synthesis via its interaction with PCNA”, consistent with a 
direct role for CBP/p300 in promoting chromatin assembly via K56 
acetylation after DNA synthesis. It is also intriguing that the HAT 
activity of human CBP is highest at the G1/S boundary—the time at 
which massive amounts of newly synthesized H3 is produced to 
assemble the newly replicated genomes into chromatin’*. We propose 
that the CBP/p300-mediated acetylation of H3K56 promotes the 
subsequent assembly of newly synthesized DNA into chromatin in 
metazoans (Supplementary Fig. 1), the inhibition of which negatively 
feeds back to block DNA replication and cell proliferation. Given that 
the H3K56ac mark is rapidly removed by histone deacetylases after 
histone incorporation onto newly replicated DNA in yeast'®"®, it will 
be interesting to determine whether the H3K56ac deacetylation pro- 
cess is defective in undifferentiated and dedifferentiated cancer cells. 
Alternatively, the increased levels of H3K56ac in cancer cells and 
undifferentiated cells may reflect hyperdynamic exchange of his- 
tones” in undifferentiated cells that is lost on differentiation. 
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Figure 4 | Asfla drives K56 acetylation in human cells and tumours. 

a, ASF1A promotes K56 acetylation in yeast and humans (b). ‘A’ refers to 
ASFIA and ‘B’ refers to ASF1B. ¢, d, CAF-1 mediates H3K56ac assembly onto 
chromatin. sc, scrambled siRNA; P, chromatin-bound pellet; S, supernatant. 
e, K56ac and ASFIA correlate in matched normal (N) and tumour (T) pairs. 


METHODS SUMMARY 

Yeast strains and tissue culture. Genotypes of strains and tissue culture details 
are described in the Methods. 

Histone isolation and western blotting. Histone extraction was performed as 
described previously”’. In brief, following nuclear pellet isolation, soluble chro- 
matinized histones were extracted with 0.4M and 0.25M HCl for S82 cells and 
HeLa cells, respectively, followed by TCA precipitation. NP40-induced extrac- 
tion of detergent-soluble proteins is detailed in the Methods. In brief, following 
treatment with 0.1% NP40 for 10 min, centrifugation at 1,800g. for 10 min led to 
the separation of supernatant and pellet fractions. Antibody details are provided 
in the Methods. 

Immunofluorescence. Immunofluorescence following 0.5% Triton X-100 
extraction was performed as described previously”’. 

RNA interference. Knockdowns were performed in S2 cells as described previously”. 
In brief, double-stranded RNA was generated by in vitro transcription using the 
Megascript kit from Ambion. After testing the quality of each double-stranded RNA, 
it was transfected into S2 cells for different lengths of time to ensure complete silencing 
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f, Increased K56ac in tumorigenic cells and tumours (g). Nuclei, blue; K56ac, 
brown. Comparison of K5é6ac and the proliferation marker K;-67 in adjacent 
sections of late grade skin cancer. Red arrowheads, invading tumour; black 
arrowheads, normal tissue. Original magnification, < 600. h, Drosophila 
embryos have increased K56Ac. i, Increased K56ac in undifferentiated cells. 


of the gene of interest, as determined by western blotting. Primer sequences are 
available on request. siRNAs for silencing in HeLa cells were obtained from Dharmacon. 
HAT and HDAC assays. Recombinant human CBP, p300, SIRT1 and SIRT2 
were obtained from Biomol. Following a 10 min preincubation of HAT with 
purified recombinant Asf1—H3H4 complexes, purified Drosophila core histones 
or H3—H4 tetramers at 30 °C, acetyl-CoA was added and incubated at 30 °C for 
10 min, followed by TCA precipitation. For HDAC assays, following acetylation 
of H3K56 by CBP/p300, curcumin was added to inhibit CBP/p300 and the 
histones carrying H3K56ac were incubated with SIRT1 or SIRT2 in the presence 
of NAD at 30°C for the indicated length of time. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 
Yeast strains. The ‘No Asfl’ yeast strain is ROY1170; MATo ade2-1 LYS2 leu2- 
3,112 his3-11trp1-1 ura3-1 asfl::hiss+ TELVIL:: URA3 HMRa::ADE2 can1-100 
(ref. 31). The ‘yAsfV’ strain is ROY1172; MATo ade2-1 LYS2 leu2-3,112 his3-11 
trp1-1 ura3-1 TELVIIL:: URA3 HMRa::ADE2 can1-100 (ref. 31). The “dAsfl’ is 
BAT014; MAT alpha ade2-1 leu2-3,112 his3-11 trp1-1 ura3-1 TEVIIL::URA 
HMRa::ADE2 asf1::dAsfl-13myc KAN” The ‘hASF1A’ strain is BAT016; MATa 
ade2-1 leu2-3,112 his3-11 trp1-1 ura3-1 TEVIIL:: URA HMRa::ADE2 asf1::hAsfla- 
13myc KAN”. The ‘hASF1B’ strain is KDY006; MAT& ade2-1 leu2-3,112 his3-11 
trp1-1 ura3-1 TEVIIL:: URA HMRa::ADE2 asf1::hAsflb-13myc KAN”. 
Tissue culture media. Drosophila S2 cells were maintained in Schneider’s media 
supplemented with 10% FBS at 30°C. HeLa cells were grown in DMEM media 
supplemented with 10% FBS at 37 °C in 5% CO, supply. Unless otherwise stated, 
curcumin was used at 100 1M for 24h, nicotinamide, nicotinic acid or sodium 
butyrate were used at 25mM for 12h. SHSY-5Y cells were grown in media 
composed of 50% Ham’s F12 and 50% MEM, supplemented with 10% FBS at 
37 °C in 5% CO, supply. SHSY-5Y cells were treated with 0.02 mM retinoic acid 
for 3 to 6 days to induce differentiation. MCF7 cells were grown in DMEM 
supplemented with 10% FBS at 37°C in 5% CO, supply. MCFI10A cells were 
grown in DMEM supplemented with 10% FBS, 0.01mgml' insulin, 
0.5 ug ml~' hydrocortisone, 0.02 1g ml~' EGF and 0.1 pg ml! cholera toxin. 
For trypsinization, 0.05% trypsin-EDTA was used for MCF10A/12A, and 0.25% 
trypsin-EDTA was used for the rest of the cell lines. 
Antibodies and commercial blots. Drosophila H3K56ac was detected using an 
H3K56ac-specific antibody from Upstate (catalogue number 07-677) whereas 
human H3K56ac was detected using a rabbit monoclonal H3K56ac specific 
antisera from Epitomics (2134-1). Gen5 was detected with an antibody from 
Abcam (ab52787), total H3 was detected with an antibody from Abcam 
(ab1791), H3K9ac was detected with an antibody from Upstate (07-352), human 
CBP was detected with an antibody from Abcam (ab2832) and human p300 was 
detected with an antibody from Abcam (ab61217). Asfl was detected with a 
previously described antibody”. The anti-phospho H2AX antibody was from 
Upstate (07-164). Commercial tissue blots, having normal and cancerous samples, 
were procured from G Biosciences (TB56 Set I, II). These blots contain lysates (in a 
denaturing buffer supplemented with a cocktail of protease inhibitors to minimize 
proteolytic degradation) extracted from human normal and tumour tissues. Equal 
amounts of proteins were loaded on a 4—20% gradient denaturing PAGE, followed 
by transfer in a PVDF membrane. 
Isolation of pellet and supernatant fractions. NP40-induced extraction of 
detergent-soluble proteins was performed as described elsewhere*’. In brief, 
following treatment with 0.1% or 0.5% NP40 for 10min, centrifugation at 
1,800g. for 10min led to the separation of non-chromatin supernatant and 
chromatin pellet fractions. The pellet fractions were subsequently purified and 
analysed by western blotting for the presence of H3K56Ac. Supernatant (non- 
chromatin) and pellet (chromatin) fractions were resolved following 0.1% NP40 
treatment as mentioned elsewhere™. 
Isolation of histones from Drosophila embryos. The histone extraction from 
stage 9-13 Drosophila embryos was performed according to standard protocol”. 
In brief, the embryos were homogenized in lysis buffer (15 mM Tris, pH 7.5, 
60mM KCl, 15mM NaCl, 3mM EDTA, 0.1mM EGTA, 0.15 mM spermine, 
0.5 mM spermidine, 0.2% NP40, 10mM NaF and protease inhibitors) supple- 
mented with a cocktail of HDAC inhibitors. The nuclear pellet was subsequently 
treated with 0.4 M HCI for 1 h for histone extraction. The extracted histones were 
subsequently TCA precipitated and analysed for the H3K56 acetylation levels. 
Immunoprecipitation. S2 whole-cell extracts were prepared using RIPA buffer 
(150mM NaCl, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, 50mM Tris, 
pH8, 10 mM Naf, 0.4mM EDTA, 10% glycerol and protease inhibitors) supple- 
mented with protease inhibitors. The pre-blocked protein-G—Sepharose-bound 
fly Asfl antibody was then incubated with whole-cell extracts. Following extensive 
washes, the bead-bound protein complexes were analysed by western blotting 
using fly CBP or H3 antibodies. 
RNA interference in human cells. siRNA transfections were carried out in HeLa 
cells using INTERFERin Polyplus (409-10) as per the standard protocol. The 
different siRNA sequences were chosen based on their success in previous studies 
or were from Dharmacon. CAF-1 (p150)-1, 5'-AGGGGAAAGCCGAUGACAU 
(dTdT)-3' (ref. 36). ASFIA, 5'-AAGUGAAGAAUACGAUCAAGU (dTdT)-3’ 
(ref. 22). ASFIB, 5’-AACAACGAGUACCUCAACCCU(dTdT)-3' (ref. 22). 
SIRT1, 5’-ACUUUGCUGUAACCCUGUA(dTdT)-3" (ref. 37). SIRT2, ON- 
TARGETplus SMARTpool L-004826 (from Dharmacon). CBP, 5’-CGGCACAG 
CCUCUCAGUCA(dTdT)-3’ (ref. 38). p300, 5'-UGACACAGGCAGGCUUG 
ACUU-3 (ref. 39). 

For CAF-1 and ASF1A/B, the siRNA transfection time was for 48 h. For CBP, 
p300, SIRT1 and SIRT2, the transfection time was 72 h. 
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Flow cytometry. After the different treatments, the cells were washed with PBS 
and subject to ethanol fixation for at least 1h. The cells were then Triton- 
extracted (0.05%), blocked in 1% BSA, and stained with H3K56ac antibody 
(Epitomics) at 1:250 dilution for 1h. After extensive washing in PBST, the cells 
were put in Alexa-568-conjugated secondary antibody for 1 h at 1:1,000 dilution. 
The cells were extensively washed, 0.5 mg ml ' RNase treated and finally stained 
with propidium iodide at 10 ug ml! final concentration for 1 h in the dark. The 
cell cycle stages and K56ac staining intensities were then measured by flow 
cytometry. 

Immunohistochemistry. After deparafinizing, slides were rinsed in ethanol. 
Antigen retrieval was performed with 10mM sodium citrate for 5min at 
22 psi. The staining was performed with the I-VIEW enhanced DAB kit. 
Counterstaining was performed with Mayer’s haematoxylin, and the mounting 
media used was Cytoseal 60. IMH-346 and IMT-01233 tissue array slides were 
procured from Imgenex. Additional slides for normal and tumour skin, thyroid, 
cerebellum, colon, larynx and ovary tissues were analysed from the UCCC 
Pathology core. Each of the sample specimens was pathologically confirmed 
before carrying out the immunohistochemistry. 

DNA-damaging treatments. Unless otherwise indicated, 0.05% MMS and 
150 mM hydroxyurea treatment was performed for 12h. 49,995 J m ° of ultra- 
violet or 1, 1.25 and 1.5 Gy gamma irradiation were given to visualize the damage 
foci. 

Immunofluorescence. In brief, following 4% formaldehyde fixation, cells were 
permeabilized by 0.5% Triton X-100, blocked in 1% BSA, and treated with 
primary antibody followed by Alexa-488-conjugated secondary antibody. 
Vectashield mounting medium containing DAPI was used for DNA staining. 
H3K56ac and H2AXp antibodies were detected using Alexa-488- or Alexa-568- 
conjugated secondary antibody, respectively, following previously described 
methods”. 

Mass spectrometry analysis. The histone K56 acetylation analysis by mass spec- 
trometry sample digestion A standard in-gel digestion protocol was used based 
on previously used methods*®*'. lodoacteamide (IAM) was used for Cys alkyla- 
tion. Liquid chromatography—tandem mass spectrometry data acquisition 
digests were analysed on a LTQ-ICR hybrid mass spectrometer (LTQ-FT 
Ultra, Thermo Fisher). Peptide desalting and separation was achieved using a 
dual capillary/nano pump HPLC system (Agilent 1200). On this system 8 pil of 
sample was loaded onto a trapping column (ZORBAX 300SB-C18, dimensions 
5X 0.3mm (54m); Agilent Technologies) and washed with 5% acetonitrile, 
0.1% formic acid at a flow rate of 15 pl min” ' for 5 min. At this time the trapping 
column was put online with the nano-pump at a flow rate of 350 nl min '. An 
80 min gradient from 8% ACN to 32% ACN was used to separate the peptides. 
The column was made from an in-house pulled 360/100 nm (outer/inner dia- 
meter) fused silica capillary using a model P-2000 laser puller (Sutter Instrument 
Co.). The column was packed 15cm in length with Jupiter C18 resin 
(Penomenex). The column was kept at a constant 40 °C using an in-house built 
column heater. The column effluent was coupled directly to the mass spectro- 
meter with an in-house built nanospray ion source. Data acquisition was per- 
formed using the instrument supplied Xcalibur (version 2.0.7) software. The 90- 
min liquid chromatography runs were monitored by sequentially recording the 
precursor scan (MS) followed by three collision-induced dissociation (CID) 
acquisitions (MS/MS). Normalized collision energies were employed using 
helium as the collision gas. MS survey scans were acquired in the ICR cell at a 
resolution of 25,000 at 400 m/z. After two acquisitions of a given ion within 45 s, 
the ion was excluded for 150s. 

Data analysis. The manufacturer-supplied extract_msn script was used to create 
de-isotoped, centroided peak lists from the raw spectra (.mgf format). These 
peak lists were searched against the SwissProt database (v54.8) using Mascot 
server (Version 2.2, Matrix Science). For searches, mass tolerances were 
+10 parts per million (p.p.m.) for MS peaks, and +0.6 Da for MS/MS fragment 
ions. Trypsin specificity was used allowing for one missed cleavage. The modi- 
fications of Met oxidation, protein N-terminal acetylation, peptide N-terminal 
pyroglutamic acid formation (Q), lysine acetylation and lysine mono-, di- and 
tri-methylation were allowed for. Peptides were required to reach a score of 6 and 
proteins were filtered at a significance of P< 0.005 and required bold red hits 
(top match for a given spectrum). 

Semiquantification of K56 acetylation. The tryptic peptide resulting from the 
unacetylated K56 form of H3 was ‘K.STELLIR.K’. This peptide was compared to 
the tryptic peptide resulting from the K56 acetylated form of H3 ‘R.YQ-AcK- 
STELLIR.K’. Trypsin cleavage does not occur on the C-terminal side of acety- 
lated K56 due to the loss of the positive charge. Extracted ion chromatograms 
were calculated for the range m/z416.23—416.27 for the ‘STELLIR’ peptide. It was 
confirmed that the peak from ~27 to 30min corresponded to the ‘STELLIR’ 
peptide, based on assignment of several CID spectra. Likewise the extracted ion 
chromatogram from 646.81 to 646.91 was used to calculate the acetylated form 
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of the peptide. The identification of this peak was also confirmed by several 
redundant CID spectra. Peak areas were calculated using the ‘Genesis’ 
Algorithm from within the Bioworks Qual Browser (version 2.0, Thermo 
Fisher). The data are stated as the percentage of K56ac with respect to total 
K56 and K56Ac. Although this isn’t a direct measure of percentage acetylation, 
it does show that K56ac increases and accordingly that K56 decreases. Note that 
our analyses do not distinguish among the three different histone variants: H3.3 
versus H3.1 versus H3.2. 

Verification of H3K56 acetylation rather than H3K56 trimethylation. Note 
that we can readily distinguish the acetylated lysine 56 and trimethylated lysine 
56 by mass using our analytical platform. The mass difference between acetyla- 
tion (H2C0, 42.01056 Da) and tri-methylation (HgC3, 42.04695 Da) of the 
peptide in question can readily be distinguished using the FT-ICR instrument 
where we routinely measure ions at less than 1 p.p.m. mass accuracy. The average 
parent ion error for H3 was —0.66 p.p.m., and 3*StdDev (3c) of all the assigned 
peptides was 1.26p.p.m.. The mass error for the ion used to assign 
YQK(Ac)STELLIR from the in vitro derived sample had a mass error of 
—0.74 p.p.m. whereas the mass error for the tri-methylated form would have 
been —28.9 p.p.m.—well outside the acceptable error tolerance for the mass 
spectrometer used and observed for the rest of the peptide assignments. 
Similarly, the mass error for assignment of the peptide YQK(Ac)STELLIR from 
the in vivo samples was —1.7 p.p.m., and the error if this precursor would be 
assigned as the tri-methylated form would be an unacceptable —29.8 p.p.m. 
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Hypusine-containing protein elF5A promotes 


translation elongation 


Preeti Saini!, Daniel E. Eyler?, Rachel Green* & Thomas E. Dever’ 


Translation elongation factors facilitate protein synthesis by the 
ribosome. Previous studies identified two universally conserved 
translation elongation factors, EF-Tu in bacteria (known as 
eEF1A in eukaryotes) and EF-G (eEF2), which deliver aminoacyl- 
tRNAs to the ribosome and promote ribosomal translocation, 
respectively’. The factor eIF5A (encoded by HYP2 and ANBI in 
Saccharomyces cerevisiae), the sole protein in eukaryotes and 
archaea to contain the unusual amino acid hypusine (N’-(4- 
amino-2-hydroxybutyl)lysine)’, was originally identified based 
on its ability to stimulate the yield (endpoint) of methionyl- 
puromycin synthesis—a model assay for first peptide bond syn- 
thesis thought to report on certain aspects of translation ini- 
tiation**. Hypusine is required for eIF5A to associate with 
ribosomes”® and to stimulate methionyl-puromycin synthesis’. 
Because eIF5A did not stimulate earlier steps of translation ini- 
tiation®, and depletion of eIF5A in yeast only modestly impaired 
protein synthesis’, it was proposed that eIF5A function was limited 
to stimulating synthesis of the first peptide bond or that eIF5A 
functioned on only a subset of cellular messenger RNAs. 
However, the precise cellular role of eIF5A is unknown, and the 
protein has also been linked to mRNA decay, including the non- 
sense-mediated mRNA decay pathway'’®"', and to nucleocytoplas- 
mic transport'”’*. Here we use molecular genetic and biochemical 
studies to show that eIF5A promotes translation elongation. 
Depletion or inactivation of eIF5A in the yeast S. cerevisiae resulted 
in the accumulation of polysomes and an increase in ribosomal 
transit times. Addition of recombinant eIF5A from yeast, but not 


a SCrapt Cur+ SCgai- Cu?* c aus WT 
WT a 
tif51a-td 
b 
20 a 

58 —o~ tifSta-td 

3 < 16 wre 

28 yo) a tif82-t0" 

86 

ee 

% x 8 

Ze 

aa 4 

Zao 


0 15 30 45 60 75 
Time (min) 


Figure 1 | elF5A depletion impairs yeast cell growth and protein synthesis, 
and causes retention of polysomes. a, Isogenic wild-type (WT, J714) and 
tif51a-td mutant (J702) strains were serially diluted, spotted on permissive 
(SCrar + Cu") or non-permissive (SCga1) medium, and incubated 5 days at 
25 °C. Total protein synthesis (b) and polysome profiles (c) were analysed in 
tif51a-td (J702), tif32-td (YAJ22) and their isogenic wild-type strains after 
growth under non-permissive conditions. Incorporation (disintegrations 
per min, d.p.m.) of [°S]Met is expressed per Agoo unit, and results are 


a derivative lacking hypusine, enhanced the rate of tripeptide syn- 
thesis in vitro. Moreover, inactivation of eI[F5A mimicked the 
effects of the eEF2 inhibitor sordarin, indicating that e[F5A might 
function together with eEF2 to promote ribosomal translocation. 
Because eIF5A is a structural homologue of the bacterial protein 
EF-P'*"*, we propose that eIF5A/EF-P is a universally conserved 
translation elongation factor. 

To help clarify the function of eIF5A, encoded by the TIF51A 
(HYP2) and TIF51B (ANBI1) genes in S. cerevisiae, we deleted the 
non-essential TIF51B gene and constructed a copper-regulated 
TIF51A degron mutant (tif5la-td) that produces a ubiquitin—Arg- 
codon-elF5A fusion protein (UBI-R-elF5A). Under permissive con- 
ditions the tif51a-td mutant grew similarly to the isogenic wild-type 
strain (Fig. la and Supplementary Fig. la). After a shift to nonper- 
missive conditions, UBI-R-eIF5A was depleted by 6h and the 
growth rate of the tif51a-td strain was substantially reduced (Fig. la 
and Supplementary Fig. 1). This growth defect was complemented by 
a wild-type TIF51A plasmid (data not shown). As shown in Fig. 1b, 
depletion of eIF5A after 14h growth of the tifsla-td mutant under 
non-permissive conditions, like depletion of the eIF3a (encoded by 
TIF32, also known as RPG1) subunit of the translation initiation 
factor eIF3 (ref. 16), caused a severe reduction in [*°S]methionine 
incorporation into total protein. 

Polyribosome profiles of whole-cell extracts (WCEs) from wild- 
type and tif51a-td strains grown under nonpermissive conditions were 
analysed by velocity sedimentation in sucrose gradients. In wild-type 
cells treated with cycloheximide (CHX) to inhibit translation 
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representative of triplicate experiments. WT* and tif32-td* strains are 
isogenic. c, Cells were treated with 50 ug ml ' cycloheximide (CHX) before 
collection (+) or were left untreated (—), and WCEs were separated on 
sucrose gradients and fractionated to visualize the indicated ribosomal 
species. P/M ratios were calculated by comparing areas under the 80S and 
polysome peaks; the ‘down arrow polysomes’ label indicates a reduced 
amount of polysomes (due to run-off). 
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elongation, distinct 40S and 60S ribosomal subunit peaks, as well as 
80S monosome and polysome peaks, were detected (Fig. Ic, top left 
panel). Mutations that impair translation initiation, such as the elF3a 
degron, reduce the amount of polysomes and cause a corresponding 
increase in the 80S peak, which consists of both 80S monosomes 
translating an mRNA and 80S complexes not engaged with an 
mRNA (note the fivefold reduction in polysome to monosome (P/ 
M) ratio in the tif32-td versus wild-type strain; Fig. 1c, top left and 
middle panels). In contrast, inhibition of translation in the tif51a-td 
strain resulted in a polysome profile indistinguishable from that of the 
wild-type strain and a similar P/M ratio (Fig. 1c, upper panels). Thus, 
depletion of eIF5A did not appreciably impair translation initiation. 

To monitor post-initiation defects, polysome analyses were 
performed in the absence of CHX. Under these conditions, ribo- 
somes in a wild-type strain continue elongating during extract pre- 
paration, run-off the mRNA (complete peptide synthesis and 
disengage from the mRNA) and accumulate as vacant 80S couples 
(Fig. 1c, bottom left panel). In contrast, a defect in translation elonga- 
tion or termination results in slower ribosome run-off and the reten- 
tion of polysomes, as measured by an increase in the P/M ratio. As 
shown in Fig. lc (bottom panels), polysomes were retained in the 
tifd1la-td strain in the absence of CHX resulting in a fourfold increase 
in the P/M ratio—that is, mimicking the effect of CHX on the wild- 
type strain. If eIF5A only functioned during synthesis of the first 
peptide bond, as was previously proposed*, then post-initiation ribo- 
somes would be expected to continue elongating and run-off the 
mRNA during extract preparation (like the tif32-td initiation mutant 
in Fig. 1c). The stable polysomes in the tif5la-td strain, which were 
observed in crude cell extracts and thus include most of the mRNAs 
in the cell, indicate a general translation elongation/termination 
defect in the absence of eIF5A. 

To inactivate eIF5A rapidly, we identified a new temperature- 
sensitive mutation in TIF51A. The tif51la(D63V) mutant exhibited a 
slow-growth phenotype at permissive temperature (25 °C), which was 
exacerbated at 37°C and lethal at 38°C (Fig. 2a), consistent with 
substantial loss of the protein in vivo (data not shown). Both the 
tif51a(D63V) mutant and the previously characterized tif51a(S149P) 
mutant, isolated as a suppressor of nonsense-mediated mRNA decay 
(NMD)"’, stabilized polysomes when incubated for 2h at the non- 
permissive temperature (Supplementary Fig. 2). Whereas mutations 
that impair elongation or termination could potentially cause poly- 
some retention in the absence of CHX, our analysis (Supplementary 
Fig. 3a) and previously published results’” of yeast termination factor 
eRF3 (encoded by SUP35, also known as SUP2) mutants revealed 
polysome run-off. In contrast, the tifsla(D63V) and tif>1a(S149P) 
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Figure 2 | Translation elongation defect in temperature-sensitive 
tifS51a(D63V) mutant. a, Isogenic wild-type (WT, J697) and tif51a(D63V) 
mutant (D63V, J698) strains were serially diluted, spotted on SC medium, 
and incubated 3 days at 25, 37 or 38 °C. b, Wild-type (left panel) and 
tif51a(D63V) (right) mutant strains were shifted to 36 °C for 2h, and then 
labelled with [°°S]Met. Fitting lines of [?°S]Met incorporation (counts per 
minute, c.p.m., per ml) into total (filled symbols) and completed (open 
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mutants (Supplementary Fig. 2), like elongation factor eEF3 ( YEF3) 
and eEF2 (EFT2) mutants’*'? and like the eEF2 inhibitor sordarin 
(Supplementary Fig. 3b), caused polysome accumulation. Thus, the 
primary defect in vivo upon inactivation of eIF5A is impaired trans- 
lation elongation. 

To provide an independent assessment of translation elongation/ 
termination, we determined ribosomal transit times in wild-type and 
tifsla(D63V) mutant strains cultured at a semi-permissive temper- 
ature (36 °C). The ribosomal transit time is the time required for a 
ribosome, after initiation, to decode an mRNA and release the com- 
pleted polypeptide chain?””!. Whereas [*°S]Met incorporation into 
total protein (nascent chains plus completed polypeptides) increases 
linearly upon addition of the labelled amino acid to cells, there is a lag 
before [°°S]Met incorporation into completed (disengaged from the 
ribosome and therefore soluble) proteins increases linearly. Plotting 
the incorporation of [?°S]Met into total (nascent plus completed) 
and completed proteins as a function of time yields two lines. The 
displacement (lag) between the lines reflects the time required to 
uniformly label the nascent polypeptides; the average transit time is 
calculated by doubling the difference in the x-axis intercepts for the 
two lines. The average ribosomal transit time in the tif5la(D63V) 
mutant strain at 36 °C (~64s) was ~2-fold slower than that in the 
wild-type strain (~32s; Fig. 2b), confirming that inactivation of 
eIF5A impairs translation elongation/termination. 

The translation defect in the eIF5A mutant strains could be due to 
a direct role of eIF5A in translation or an indirect effect of eIF5A on 
the translational machinery. After a brief (5 min) incubation at the 
restrictive temperature (38°C), extracts from the tifsla(D63V) 
mutant were inactive in translating a luciferase reporter mRNA 
(Fig. 2c, y-axis intercept). Addition of recombinant wild-type 
eIF5A purified from yeast, but not unhypusinated eIF5A(K51R), 
resulted in a dose-dependent restoration of translational activity 
(Fig. 2c). Thus, eIF5A seems to stimulate translation directly and 
to function as a general translation elongation factor in a manner 
dependent on its hypusine modification. 

To extend the in vitro studies, we examined the effects of eIF5A using 
an in vitro reconstituted translation system. First, we confirmed 
previous reports”® that eI[F5A, but not unhypusinated eIF5A(K51R), 
stimulated methionyl-puromycin synthesis—a model assay of first 
peptide bond synthesis (data not shown). Next, yeast ribosomes were 
programmed with a defined mRNA encoding Met-Phe-Phe-Stop 
(AUGUUCUUCUAA) and initiator [*°S]Met-tRNA using purified 
initiation factors (eIF1, eIF1A, eIF2, eIF5 and eIF5B)”, and these ini- 
tiation complexes were pelleted over a sucrose cushion. To assay 
elongation, initiation complexes were reacted with an elongation factor 
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symbols) protein synthesis were obtained by linear regression and used to 
determine the half-average (t,/2) and average (T) transit time. Error bars are 
the standard deviation from three independent experiments. ¢, In vitro 
translation activity of heat-treated extracts from wild-type and tif5 1a(D63V) 
strains following addition of eIF5A or e[F5A(K51R). Results are 
representative of six independent experiments. 


119 


©2009 Macmillan Publishers Limited. All rights reserved 


LETTERS 


0 
Tripeptide synthesis 
mag Control GaelF5A CoelF5A(K51R) 


Dipeptide release 


Figure 3 | elF5A stimulates elongation and termination in vitro. Rate 
constants for tripeptide synthesis (a) and dipeptide release (b) in the 
presence of eIF5A, eIF5A(K51R) or no added factors. Error bars are the 
standard error from three independent experiments. 


mix containing eEF1A—Phe-tRNA’’*-GTP ternary complex, eEF2, 
eEF3, GIP and ATP along with eIF5A or the unhypusinated 
eIF5A(K51R) mutant. The rate of production of tripeptide product 
(Met-Phe-Phe) was stimulated approximately twofold by eIF5A in 
this purified system whereas the variant eIF5A(K51R) had no apparent 
effect (Fig. 3a and Supplementary Fig. 4a). We also examined the rate of 
peptide release (termination) using pelleted elongation complexes 
(carrying an mRNA with a dipeptide open reading frame (ORF) and 
a dipeptidyl-tRNA ({°°S]Met-Phe-tRNA?”) in the P site) to which 
purified eRF1 and eRF3 were added and the products of the reaction 
analysed ina similar fashion. As for the elongation steps, the rate of the 
termination reaction was stimulated approximately twofold by wild- 
type eIF5A, but not by the unhypusinated variant (eIF5A(K51R); 
Fig. 3b and Supplementary Fig. 4b). In both cases (elongation or ter- 
mination) there were no effects on the extent (endpoint) of the reac- 
tion. Taken together, these data indicate that eIF5A optimizes the 
ribosome complex for more productive interactions with the mechani- 
stically related tRNA and release factor substrates”. 

Consistent with eIF5A functioning in translation elongation, the 
tif51a(D63V) and tif51a(S149P) mutants impaired programmed ribo- 
somal frameshifting. The eIF5A mutants, like treatment of the wild- 
type strain with the eEF2 inhibitor sordarin, caused a similar and 
specific inhibition of +1, but not —1, frameshifting (Supplementary 
Fig. 5, see also ref. 24). Because sordarin also exacerbated the growth 
defect of the tif5la(D63V) mutant (Fig. 4a), these data indicate that 
eIF5A and eEF2 functionally interact in the ribosome elongation 
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Figure 4 | Functional connection between elF5A and eEF2. a, Isogenic wild- 
type (WT, J697) and tif51a(D63V) (D63V, J698) strains were serially diluted, 
spotted on SC medium lacking or containing 200 ng ml ' sordarin, and 

incubated 3 days at 25 or 32 °C. b, c, Cultures of wild-type or tif51a-td strains 
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cycle. In accordance, eIF5A associated with polysomes in vivo. After 
treatment with formaldehyde to freeze polysomes and cross-link 
factors to the ribosome’®, WCEs were subjected to velocity sedimenta- 
tion in sucrose gradients. As shown in Fig. 4b, eIF5A, like elonga- 
tion factors eEFIA, eEF2 and eEF3, was found both at the top of 
the gradient and in 80S complexes and polysomes. In contrast, 
3-phosphoglycerate kinase (Pgk1), a soluble cytoplasmic protein, 
was found exclusively at the top of the gradient (Fig. 4b), the peri- 
pheral ribosomal 40S protein Ascl (yeast orthologue of Rack1) co- 
sedimented with the integral 40S protein Rps22 (data not shown), and 
initiation factors eIF2 (Fig. 4b) and eIF3 (data not shown) were dis- 
tributed across the gradient and did not accumulate on 80S complexes 
like eIF5A and the elongation factors. As shown in Fig. 4c, depletion of 
eIF5A in the tifS1a-td strain resulted in an ~2-fold accumulation of 
elongation factor eEF2 on polysomes. These results, combined with 
the ability of glutathione S-transferase (GST)-eIF5A to pull-down 
eEF2 and 80S ribosomes from crude yeast extracts®, support the notion 
that eIF5A functionally interacts with eEF2 to promote translation 
elongation. 

Owing to its unique and essential hypusine modification, eIF5A 
has been of considerable interest. Our results provide evidence that 
eIF5A is a translation elongation factor and provide a rationale for its 
previously proposed roles in translation initiation and mRNA turn- 
over. It is noteworthy that the putative translation initiation function 
of eIF5A was assigned based on its ability to promote methionyl- 
puromycin synthesis***, essentially a translation elongation step. 
Similarly, because NMD requires ongoing translation, the inhibition 
of NMD by a mutation in eIF5A" is consistent with the observation 
that CHX blocks this form of mRNA turnover”. eIF5A is a structural 
homologue of the bacterial protein EF-P'*’’, which was reported to 
enhance methionyl-puromycin and poly-Phe synthesis in reconsti- 
tuted translation assays**’’. Because both EF-P and eIF5A alter the 
Mg’* optimum for protein synthesis in vitro*”’, the failure to detect 
the critical role of eIF5A/EF-P in translation elongation previously 
might stem from the fact that early biochemical screens were 
performed using in vitro translation reactions with abundant Mg”* 
levels. Taken together, our studies reveal that, in addition to eEF1A/ 
EF-Tu and eEF2/EF-G, a third universal and essential factor, e[F5A/ 
EF-P, is required for translation elongation. Future studies will seek 
to determine at a molecular level how eIF5A promotes the ribosomal 
reactions required for translation elongation. 
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grown under non-permissive conditions were cross-linked with 1% 
formaldehyde. WCEs were separated on sucrose gradients, and gradient 
fractions were subjected to western blot analysis using antibodies against the 
indicated proteins (Pub2, 60S subunit protein Rpl39). 
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METHODS SUMMARY 


The tif51a-td degron allele was constructed using methods described previously'® 
by inserting a DNA cassette carrying a copper-regulated promoter, the protein- 
destabilizing ubiquitin-coding region and an Arg codon (pCUP1-UBI-R)* 
upstream of and in-frame with the TIF51A ORF. To enhance degradation of 
the UBI-R-eIF5A fusion protein, a galactose-inducible version of the ubiquitin 
E3-ligase Ubr1 (ref. 29) was introduced into the tif5la-td strain. The tifdla 
temperature-sensitive mutants were isolated and growth assays of tenfold serial 
dilutions of yeast strains were performed using standard methods. Degron 
strains were grown under permissive (synthetic complete (SC) medium contain- 
ing 2% raffinose and 100 uM copper sulphate (SCrar + Cu?*), where the CUP1 
promoter is induced and UBR1 expression is low) or under non-permissive (SC 
medium containing 2% galactose lacking copper (SCg,), which represses new 
synthesis and triggers proteasomal degradation of UBI-R-eIF5A) conditions. 
Plasmids and yeast strains are listed in Supplementary Table 1 and Sup- 
plementary Table 2, respectively. Yeast polysome analyses from formaldehyde 
cross-linked cells and analysis of ribosomal complexes were performed as 
described previously'®. Anti-yeast eIF5A antiserum was obtained from rabbits 
immunized with recombinant N-terminal poly-histidine-tagged eIF5A pro- 
duced in bacteria. The assays for programmed ribosomal frameshifting” were 
conducted as described previously. The ribosomal transit time measurements”! 
and the reconstituted translation elongation assays” were extensions of previ- 
ously established methods. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Plasmid and yeast strain construction. A ftif5la-td integration plasmid 
(pC3286) was constructed by inserting an Xhol-flanked PCR (primers: P1, 5'-C 
CGCTCGAGATGTCTGACGAAGAACATACCTTTGAA-3’, and P2, 5’-CCGC 
TCGAGGTGAGTAGATGGAGACAAATCTTCCAAC-3’) product containing 
the first 225 bp of the e[F5A ORF into the Xhol site of p4437, a plasmid contain- 
ing the copper-regulated CUP1 promoter upstream of the ubiquitin coding 
region followed by an Arg codon (pCUP1-UBI-R)'*. TIF51A (1.0 kb 5’ flanking 
region, 0.5 kb ORF, and 0.5 kb 3’ flanking region) was amplified from genomic 
DNA using primers P3 (5'-CTAGTCTAGAGCTGTCTCTACTAACAGATCTT 
GGCGTTTTTGAATCGTG-3’) and P4 (5’-CTAGTCTAGAGAGAAAAATAAC 
GACAACTGCAGGACTCGAACCTGCGCG-3’). The resultant PCR product 
was subcloned into XbaI-digested single-copy-number LEU2 (YCplac111) and 
URA3(YCplac33) vectors or high-copy-number LEU2 vector YEplac181 (ref. 31) 
generating plasmids pC3287, pC3288 and pC32839, respectively. Plasmid pC3290 
was generated by inserting a Flag epitope tag at the C terminus of the TIF51A 
ORF in pC3289 using primers P10 (5’-AGGAAGCTGCTAGAACCGATGATT 
ATAAAGATGATGATGATAAATAAACCGGTT-3’) and P11 (5’-ATCGGTTC 
TAGCAGCTTCCTTGAAGGAGATGG-3’) and the GeneTailor Site-Directed 
Mutagenesis System (Invitrogen). Likewise, a K51R mutant derivative of 
pC3290 was constructed by site-directed mutagenesis using primers P14 (5'-CA 
TGTCCACTTCTAAGACTGGTAGGCACGGTCACGC-3’) and P15 (5’-ACCA 
GTCTTAGAAGTGGACATGTCGACAATCTTAC-3’), generating the plasmid 
pC3291. 

To randomly mutate the TIF51A ORF, we first used site-directed mutagenesis 
and the primers P16 (5’-ACACACACAAATACCAACTCCTCGAGACAATGT 
CTGACG-3') and P17 (5'-GAGTTGGTATTTGTGTGTGTTTGGGAGTCTA 
TG-3’) to create an Xhol site immediately upstream of the TIF51A ORF and 
primers P18 (5'’-CGATTAAACCGGTTAACATCACGGCCGGGGATATAAA 
TG-3') and P19 (5'-TGATGTTAACCGGTTTAATCGGTTCTAGCAGCT-3’) 
to create an Eagl site immediately downstream of the TIF51A ORF in pC3287, 
generating plasmid pC3292. The TIF51A ORF in pC3287 was amplified by error- 
prone PCR using primers P12 (5’-GATCCGCTCGAGACAATGTCTGACG 
AAGAACATACCTTTG-3') and P13 (5'-GATCTCGGCCGTGATGTTAAC 
CGGTTTAATCGGTTCTAGC-3’). The PCR products were digested with 
Xhol and EagI and cloned into the Xhol/Eagl site of pC3292, generating a tif51a 
mutant library. The plasmid pC3294 containing the tif51a(S149P) mutant was 
generated by site-directed mutagenesis of the plasmid pC3292 using primers P20 
(5’-CTATGGGTGAAGAAGCCGCCATCCCCTTCAAGGAAGCT-3’) and P21 
(5’-GATGGCGGCTTCTTCACCCATAGCGGAGATGAT-3’). 

Yeast strain J700 was derived from H2557 by linearizing plasmid pAJ2 (ref. 16) 
with Pmel and integrating it at the UBR1 locus. Correct pAJ2 integration was 
verified by PCR amplification of the UBR1 locus and also by demonstrating 
galactose-dependent overexpression of Myc-tagged UBR1 in J700. Strain J700 
was transformed with the single-copy-number URA3 plasmid YCplac33 to 
generate strain J713. The TIF51A degron mutant (tif5la-td) strain J701 was 
generated by integrating pC3286 (linearized with SalI) at the TIF51A locus in 
J700. The tif51a-td allele in J701 was confirmed by PCR analysis of genomic DNA 
and by western blot analysis of WCEs from cells grown under permissive con- 
ditions (raffinose medium supplemented with copper in which the CUP1 pro- 
moter is induced and UBR1 expression is low) versus non-permissive conditions 
(galactose medium lacking copper in which the CUP1 promoter is repressed and 
overexpression of UBR1 triggers proteasomal degradation of the degron protein) 
using rabbit polyclonal antiserum against yeast elF5A. 

The tif51b::KanMX4 module from the tif51b (YJRO47c) knockout strain in the 
yeast genome deletion collection was amplified by PCR using primers P5 
(5'-GTTACCCTGAATCATATTCGACGATGTCGTCTCACACGGA-3') — and 
P6 (5'-CACCCTCGTCGTGCAAAAAATATTTTGACTTCTACTCTTT-3’), which 
hybridize ~600 bp upstream and downstream, respectively, of the TIF51B ORF. 
The PCR product was used to delete TIF51B in the haploid strains H2557, J701 
and J713, generating strains J691, J702 and J714, respectively. The KanMxX4 
marker in J691 was replaced by a NAT (nourseothricin-resistance) marker by trans- 
formation with EcoRI-digested p4399 (ref. 32) generating strain J692 (tif51b::NAT). 

The haploid J692 strain was converted into a diploid strain (J693) by intro- 
ducing a low-copy-number URA3 plasmid carrying the HO gene. After isolation 
ofa diploid transformant, cells lacking the HO plasmid were isolated on medium 
containing 5-fluoroorotic acid (5-FOA). Subsequently, the diploid strain J693 
was transformed with the low-copy-number URA3, TIF51A plasmid pC3288, 
generating strain J694. The tif51a::KanMX4 cassette from the heterozygous 
tifslaA strain from the yeast genome deletion collection (Open Biosystems) 
was amplified by PCR using primers P7 (5'-CGGGGTACCGTGTTATCCGAA 
GAGTCACTCACCAAAAAC-3’) and P8 (5’-GCATACATGCATGCTCCTTTT 
CAAGATCATCACCGTCGTCATCAC-3’), which hybridize ~1.5 kb upstream 
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and 1 kb downstream, respectively, of the TIF51A ORF. This PCR product was 
used to replace the TIF51A gene in J694 with a tif51a::KanMX cassette, creating 
strain J695. Strain J695 was sporulated, and subjected to tetrad analysis. Two of 
the four haploid spores carried the tif5 1a::KanMxX allele in the chromosome and 
were unable to lose the URA3, TIF51A plasmid (unable to grow on medium 
containing 5-FOA). One of the two haploid strains, J696 (tif51b::NAT 
tif51a::KANMX4 pC3288[ TIF51A, URA3]), was transformed with the randomly 
mutated tif5la ORF library in pC3292 (low-copy-number LEU2). Individual 
transformants were patched on synthetic dextrose (SD) medium supplemented 
with essential nutrients, and then replica-printed to two 5-FOA plates, which 
were incubated at 25 °C and 37 °C, respectively. The tif51a mutant plasmids were 
isolated from cells that grew well at 25 °C but failed to grow at 37 °C. The isolated 
plasmids were re-tested to confirm that the mutant phenotype was plasmid- 
associated, and then sequenced to identify the mutation(s). One of the best 
temperature-sensitive mutants, tif51a(D63V), was selected for further analysis. 
Strains J697, J698 and J699 were obtained by plasmid-shuffling after trans- 
formation of strain J696 with the TIF51A (pC3287), tif51a(D63V) (pC3293) and 
tif51a(S149P) (pC3294) plasmids, respectively. To purify Flag-tagged elF5A 
(pC3290) and eIF5A(K51R) (pC3291), the indicated plasmids were introduced 
into strain J702, generating strains J703 and J704, respectively. 
In vivo [*°S]Met incorporation. Liquid cultures of yeast strains were grown 
under permissive conditions (SC medium lacking methionine and containing 
2% raffinose and 100 tM CuSO,) at 25 °C to an Agoo of ~ 1.0. Cells were washed 
at room temperature (25°C) to remove Cu’", transferred to nonpermissive 
conditions (SC medium lacking methionine and containing 2% galactose and 
lacking CuSOx,), and incubated for 14h at 25 °C to Agoo of 0.6-1.0. To start the 
labelling, 50 uM unlabelled methionine and 1 pCiml™! [°°S]Met was added to 
each culture. At 15-min intervals, the optical density of each culture was deter- 
mined, 1-ml aliquots were removed, and [°°S]Met incorporation was monitored 
by trichloroacetic acid (TCA) precipitation. 
Polysome analysis. Liquid cultures of cells were either treated with 50 pg ml * 
CHX for 5 min before collection or left untreated, transferred to a 500-ml cent- 
rifuge bottle containing shaved ice, pelleted and washed with 10 ml of Buffer B 
(20mM Tris, pH 7.5, 50mM KCl, 10mM MgCl) supplemented with EDTA- 
free protease inhibitor tablet and 1 mM DTT. For CHX-treated cells, the same 
concentration of CHX was present in all steps thereafter. Cell pellets were resus- 
pended in an equal volume of Buffer B, and then an equal volume of glass beads 
was added, and cells were broken by vigorous mixing on a vortex. After clarifica- 
tion, five Az¢9 units of WCEs were layered on 4.5-45% sucrose gradients pre- 
pared in 20 mM Tris, pH 7.5, 50mM KCl, 10 mM MgCl, and 1mM DTT, and 
then centrifuged for 2.5 h at 260,000g in a Beckman SW41 rotor. Gradients were 
fractionated while monitoring absorbance at Aj54. 
Ribosome transit time measurement. Assays were performed as described 
previously*'*’ with modifications as detailed below. Yeast cells grown at 25 °C 
in SC-Met medium were shifted to prewarmed (36 °C) medium, and, after 2h, 
0.1 uCiml”' [?°S]Met was added. At regular intervals, 10-ml aliquots were 
removed and mixed with 200 1g ml ' CHX. Cells were resuspended in 0.2 ml 
cold lysis buffer (20 mM HEPES, pH 7.4, 2mM magnesium acetate, 0.1 M pot- 
assium acetate, 0.5 mM DTT, 0.1 mg ml ' CHX) and broken with glass beads by 
vigorous mixing on a vortex for 15 min. Cell lysates and two washes of the glass 
beads were combined and clarified by centrifugation. Total (nascent plus com- 
pleted) protein synthesis was determined by combining 0.5 ml lysate, 0.4 ml 60% 
sucrose and 0.5 ml 50% TCA. Mixtures were incubated for 10 min at 90°C, 
10min on ice, and then collected on a GF/C filter that was pre-washed with 
2mM unlabelled Met. After washes with 10% TCA and then acetone, filters were 
dried and counted by liquid scintillation. Completed protein synthesis was 
determined by layering 0.5 ml lysate on a 0.4 ml 60% sucrose cushion and by 
pelleting ribosomes by centrifugation at 132,000g for 30 min in a Beckman 
TLA120.2 rotor. Radioactivity in the supernatant fraction (completed proteins) 
was determined as described previously. 
Purification of e[F5A and e[F5A(K51R). C-terminal Flag-tagged proteins were 
overexpressed in yeast strains J703 and J704. After growth to mid-log phase 
under permissive conditions, cells were washed and then incubated under 
non-permissive conditions for 6h to Agog of ~3.0. Cells were washed, resus- 
pended in Flag binding buffer (20 mM sodium-phosphate, pH 7, 500 mM NaCl, 
0.1% Triton X-100, 1 mM phenlmethylsulphonyl fluoride and EDTA-free com- 
plete protease inhibitor tablet) and broken by high-speed mixing with glass 
beads. WCEs were mixed overnight with anti-Flag-M2 affinity gel (50% slurry, 
Sigma). After washing, bound proteins were eluted with Flag binding buffer 
containing 400,1gml' Flag—peptide, and dialysed against 20mM HEPES, 
pH7.5, 10% glycerol, 150 mM KCl and 2mM DTT. 
Yeast in vitro translation assays. In vitro assays of luciferase mRNA translation 
in crude extracts from yeast cells were performed as previously described™ using 
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capped and polyadenylated luciferase mRNA transcribed in vitro from plasmid 
T7 LUCsp (50-base poly(A) tail)**. 

Reconstituted translation elongation assays. 80S initiation complexes were 
assembled essentially as described”’ with the following modifications. A different 
reaction buffer (20mM Tris-Cl, pH7.5, 100mM potassium acetate, pH 7.6, 
2.5mM magnesium acetate, 0.25mM spermidine, 2mM DTT) was used and 
tRNA; was labelled exclusively with (°°S]Met. In addition, the mRNA con- 
tained the ORF sequence AUGUUCUUCUAA. After assembly, initiation com- 
plexes were layered onto reaction buffer containing 1.1M sucrose and 
centrifuged for 1h at 424,000g in a TLA-100.3 rotor. Complexes were resus- 
pended in reaction buffer, flash-frozen, and stored at —80 °C. For each elonga- 
tion reaction, Phe-tRNA’™® ternary complex was prepared. Each batch of ternary 
complex contained, as indicated in Fig. 3a, the following reagents: 45 pmol 
eEF1A, 21.6 pmol Phe-tRNAP"S, 11.25 pmol eEF2, 11.25 pmol eEF3, 20 pmol 
eIF5A (or eIF5A(K51R)), 2mM GTP, 2mM ATP and 1 reaction buffer, and 
was incubated at 26°C for 15min. At the end of this incubation, the ternary 
complex was mixed with a single aliquot of thawed initiation complex 
(~0.2 pmol), and incubated at 26 °C. Aliquots were removed at the indicated 
times and quenched in 0.25 M KOH. Reaction products were separated by elec- 
trophoresis on cellulose TLC plates (pyridine-acetate buffer, pH 2.8; 1,400 V, 
~40 min). [°°S]Met-containing reaction products were detected by phosphor- 
imaging and quantified using ImageQuant 5.2 software (GE Healthcare Life 
Sciences). 


nature 


Reconstituted translation termination assays. Initiation complexes were 
assembled as described previously, except that the mRNA coding sequence 
was AUGUUCUAA. Simultaneously, Phe-tRNA’® ternary complex was 
assembled. Equal volumes of Phe-tRNA® he ternary complex and initiation com- 
plex were mixed and incubated at 26 °C for 15 min. The elongation complexes 
were then pelleted and stored as described previously. Release factor complexes 
were assembled and incubated at 26 °C for 15 min, with the following compo- 
nents: 40 pmol eRF1, 40 pmol eRF3, 40 pmol eIF5A (or eIF5A(K51R)), 1.3mM 
GTP and 1 reaction buffer. Single aliquots of elongation complex were mixed 
with release factor complex, and aliquots were withdrawn at the indicated times 
and quenched in 30% formic acid. Reaction products were separated, detected 
and quantified as described previously. 
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Temperature-dependent thermal diffusivity 
of the Earth's crust and implications for 
magmatism 

Alan G. Whittington, Anne M. Hofmeister & Peter |. Nabelek 


Nature 458, 319-321 (2009) 


In equation (3) of this Letter, 10 ° should be 10°. The corrected 
equation is: Cp crust(T <846 K) = 199.50+.0.0857T —5.0 x 10°T~?. 
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doi:10.1038/nature08038 
New role of bone morphogenetic protein 7 in 
brown adipogenesis and energy expenditure 


Yu-Hua Tseng, Efi Kokkotou, Tim J. Schulz, Tian Lian Huang, 
Jonathon N. Winnay, Cullen M. Taniguchi, Thien T. Tran, Ryo Suzuki, 
Daniel O. Espinoza, Yuji Yamamoto, Molly J. Ahrens, 

Andrew T. Dudley, Andrew W. Norris, Rohit N. Kulkarni 

& C. Ronald Kahn 


Nature 454, 1000-1004 (2008) 


In the Methods Summary of this Letter, the concentrations of IBMX 
and dexamethasone were incorrectly listed as 0.5UM and 5mM, 
respectively. The correct concentrations are 0.5mM IBMX and 
5 uM dexamethasone. 
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CAREERS 


GOING NUCLEAR 


Workforce shortages could slow the growth of an industry 
poised for a comeback. Quirin Schieuggien reports. 


rancois Perchet, an electrical 
engineer by training, has seen the 
ebb and flow of the nuclear power 
industry in the course of his long 
career. He spent more than 30 years with 
the French electricity company EDF, which 
operates the country’s 58 nuclear reactors, 
and knew most of the 19 nuclear plant 
sites in France. He worked in operations 
management, then in maintenance and 
repair, and later in probability-based safety 
studies. But last December, he crossed the 
English Channel for a two-year assignment 
as programme coordinator with the World 
Nuclear University (WNU) in London, 
where he helps promote nuclear training and 
education throughout the world. 

Now Perchet informs the public about 
the risks and benefits of nuclear power, 
an industry with big image problems. The 
stigma of nuclear power as a dangerous and 
toxic ticking time bomb has not only stymied 
industry investments and government 
funding but, critically, dissuaded young 
physicists, engineers and technicians from 
entering the field — so much so that the 
shortage threatens to thwart a potential 
nuclear renaissance. 

But Perchet believes that attitudes towards 
the industry and its associated professions 
are changing. “In these difficult times, people 
start thinking about jobs for life,” he says. 
“The nuclear power industry can't offer 
the huge salaries and bonuses that some 
bankers have been paid. But we can offer safe 
positions and a broad range of interesting 
career opportunities, from management to 
reactor development.” 

Like Perchet, most nuclear engineers 
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worldwide were recruited in the 1970s, 
before the near meltdown in 1979 at Three 
Mile Island in Pennsylvania. The Chernobyl 
disaster in the Soviet Union seven years 
later destroyed any remaining public faith 
in the safety of nuclear power and shattered 
the reputation of the nuclear industry 

as a whole. Nevertheless, there are 439 
commercial nuclear-power reactors in 31 
countries currently providing some 15% 

of total electricity supply worldwide, and 
the industry seems to have 
survived the fallout of these 
debacles as well as more minor 
accidents. 

Still, the decades-long 
recruitment drought means 
that reactor manufacturers and 
operators are now facing the 
challenge of replacing almost 
half of their ageing workforce, 
including tens of thousands 
of qualified scientists and 
engineers around the world 
who are set to retire in the next 
10 years. 

Nuclear power is a major 
ingredient in the energy mix of 
many industrialized nations, 
most notably in France, where 
77% of electricity comes from 
nuclear plants. In the United 
States, 104 reactors operated 
by 32 licensed utilities generate 
around one-fifth of the nation’s electricity. 
Ukraine (48%), Sweden (46%), South Korea 
(35%), Japan (28%), Germany (22%), Russia 
(16%) and the United Kingdom (15%) all 
depend substantially on nuclear power as 
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well. Growth, however, has been mainly 
confined to Asia of late; no new plants have 
been built in the United States or western 
Europe for more than 25 years. 

Despite its image problems, many 
countries have continued conducting nuclear 
science over the years, including research 
into reactor design and nuclear safety. In 
2001, 13 nations formed the Generation IV 
International Forum to coordinate efforts for 
the development of a next-generation reactor. 
Roughly 3,000 scientists 
worldwide are involved 
in generation IV reactor 
development; others are 
working in safety research. 

Nuclear energy is now set 
for a comeback, with global 
warming from excessive 
fossil-fuel consumption 
accelerating and growing 
concerns over future energy 
security. Recently, many 
Western countries, including 
the United States, United 
Kingdom, France, Finland and 
Sweden, have abandoned de 
facto moratoria on building 
new plants. China and India 
also plan to extend their as yet 
small nuclear capacities. Plans 
exist to build at least 127 new 
reactors by 2020: China, India, 
Russia, Japan and the United 
States, for example, plan more than ten new 
reactors each. Other interested countries 
include Brazil, South Africa, Vietnam, South 
Korea, Poland, Ukraine and Thailand. Under 
the most far-reaching scenario described in 
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the report Nuclear Energy Outlook, published 
last year by the Organisation for Economic 
Cooperation and Development’s Nuclear 
Energy Agency, up to 1,400 reactors of the 
size commonly in use today — producing 
1,000-1,500 megawatts of electric power — 
would be in operation by 2050 worldwide. 

The search is on for the scientists and 
engineers who will design, build and operate 
these nuclear reactors, but also for the experts 
who will guide uranium mining, design and 
partition nuclear fuels (that is, transmute 
radioactive waste into non-radioactive 
elements), dispose of radioactive waste, 
and protect nuclear workers and the world 
at large from harmful radiation. “There is 
a strong and increasingly competitive job 
market emerging,’ says Carol Berrigan, 
who monitors the nuclear workforce for the 
Nuclear Energy Institute, an industry group 
based in Washington DC. 

Academic institutions have responded to 
the nuclear comeback. Many universities 
have revived nuclear programmes that 
closed in the 1980s and 1990s because of 
lack of demand. In the United States alone, 
six new departments or programmes 
have been created in recent years at 
universities in Colorado, South Carolina, 
Texas and Virginia, and there are plans to 
set up programmes at the University of 
California, Los Angeles, and possibly also 
at the California Institute of Technology 
in Pasadena. Since 1999, enrolment in 
undergraduate nuclear engineering 
programmes in the United States has grown 
from 470 to around 2,000, while graduate 
enrolments have climbed from 220 to around 
1,200, Berrigan found. 

In Europe, advanced training and master’s 
programmes in nuclear engineering exist, 
for example, at the University of Paris South 
11, the Swiss Federal Institute of Technology 
in Zurich and Lausanne, and the Karlsruhe 
Institute of Technology (KIT) in Germany. 
In the United Kingdom, vocational training 


and advanced courses in nuclear engineering 
are also offered by industry agencies such as 
Cogent and the National Skills Academy for 
Nuclear. 

When it comes to exploiting that 
education, prospects in the 
US job market are promising. 
Graduate and postgraduate 
science and engineering 
students interested in pursuing 
acareer in the nuclear industry 
have ample choices between 
jobs at government labs, with 
private plant operators, in 
reactor construction or in the 
defence business, says Michael 
Corradini, head of nuclear 
engineering at the University 
of Wisconsin—Madison. “It’s an 
incredibly healthy and vibrant 
environment for us right 
now, despite the economic 
downturn,’ he says. “Most 
of my students can choose 
from at least a handful of job 
offerings; ten years ago they 
were glad when they got one.” 
Students often start with 
bachelor’s degrees in civil, chemical or process 
engineering, then specialize in nuclear 
engineering as part of a master’s degree. 

Employment prospects in many regions of 
Europe are just as encouraging. “Ifa talented 
student turns up today, he or she will have a 
work contract tomorrow, either from me or 
from a company were collaborating with,” 
says Joachim Knebel, head of nuclear safety 
research and acting head of neutron physics 
and reactor technology at KIT. The Areva 
Nuclear Professional School was established 
at KIT in February, funded by Areva, the 
Paris-based company that is the world’s 
largest manufacturer of reactor components 
and nuclear fuel. It provides postgraduate 
training for young scientists and engineers 
specializing in various fields of nuclear 


“Today's students 
couldn't care less 
about the nuclear 
resentments of old.” 
— Joachim Knebel 
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engineering. The 30 PhD students enrolled 
at the school at any one time are paid by 
Areva and have a guarantee that they will be 
employed when their training is completed. 
Areva, with a workforce of 75,000 and €13.2 
billion (US$17.2 billion) in 
global sales, is the market 
leader in the field and is now 
hiring about 1,000 people a 
month globally. Engineers 
of all sorts, from civil, 
electromechanical, chemical 
and process engineers to 
automation and computation 
experts, account for roughly 
one-half of newly hired staff. 
Ongoing technological 
challenges should 
- provide work for the most 
enterprising. Generation IV 
nuclear reactors are intended 
to replace current types such 
as the European Pressurized 
Reactor (also called 
Evolutionary Power Reactor 
or just EPR), a generation III 


A mammoth research and development 
challenge ahead is the next generation of 
thermal and fast reactors (where the chain 


reaction is sustained by fast neutrons), which 


are designed to produce significantly less 
radioactive waste, to cost less and to be less 
vulnerable to violent attack. In principle, 
these systems would partition and reprocess 
nuclear waste repeatedly, which will require 
new technologies and new materials. These 
reactors could become commercially 
available in 20 to 30 years’ time. 

With the problem of safe nuclear-waste 
disposal unresolved, and the no less 
worrisome risk of proliferation of weapon- 
grade uranium and plutonium, nuclear 
power has not ceased to be controversial. 
But resistance to the peaceful use of nuclear 
energy, commonplace in global youth 
counterculture from the 1960s to the 1980s, 
has lost its fury. “Today’s generation of 


engineering students couldn't care less about 
the nuclear resentments of old,” says Knebel. 


Significant advances in reactor safety and 
nuclear fuel reprocessing technologies have 
helped. But it’s the risk of unabated global 
warming that has made carbon-free nuclear 
power more acceptable, notes Annette 
Heinzel, a 35-year-old materials scientist at 
KIT who develops lead-cooled steel for the 


reactor design that uses water 
under high pressure as coolant. 
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next reactor generation. “Back in 1999, most 
of my friends were a bit shocked when I left 
geology to pursue a career in nuclear reactor 
technology,’ she says. “Ten years on, things 
have changed quite a lot. People have become 
more open-minded and most find it easy now 
to accept what I’m doing.” a 
Quirin Schiermeier is Nature's Germany 
correspondent. 


The Penly nuclear power plant, located northeast of Dieppe, France. 
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Ice blue 


Escape from your cells. 


Paula R. Stiles 


Doing the Antarctic cryosphere slides is 
addictive. I take one out and click it into 
my headset. It’s from Lake Vostok, two 
miles under the ice at the bottom of the 
world. Instantly, ’m in blue darkness. 
I'm a tiny single-celled organism, made 
up of protoplasm and primitive cellu- 
lar structures — nucleus, mitochondria, 
cytoplasm, cell wall. I extend the latter 
into a tentacle to explore turgid water and 
flakes of ice that feel like icebergs to my 
microscopic size. I give off a small glow 
that illuminates my surroundings. I see 
some other glows far off. Not sure 
if they're friend or foe, but 'm 
hungry, so I go after them. 

“Jethro ... hey, Jethro, 
wake up.” 

Blinking automati- 
cally clicks me out of 
the slide. The slide 
ejects itself, sticking 
out of the side of my 
headset. I remove it ny 
and lay it on the table 
next to me. Ilook up 
at my labmate, Sandra, 
still blinking. My eyes ‘ 
feel dry. 

“What?” I say. It takes 
time to gear up froma single- 
celled organism to one with 
too many cells to count. 

“You all right?” Sandra asks. 

“Sure, fine.” I sit up and start typ- 
ing my observations into my computer. 
You can plug a slide into a machine and 
get all the data, but the human brain is 
still the best way to filter that experience. 
One good thing about living on the Moon 
is that it makes it easier to feel as if you're 
under water. One-sixth of Earth gravity 
is like that. 1 undo my headset and gently 
push myself to my feet. 

“You've been acting funny ever since 
those new slides came in from Antarctica. 
I have to tell you, Jethro, I’m a little wor- 
ried” 

“I dont see why. I’m just doing my job.” 

She shakes her head. As I look around, I 
try to see blues in the colour scheme of the 
lab. But everything is orange and pink, the 
better to keep us happy and energized. “It’s 
more than a job for you, she says. “You're 
getting lost in there.” 

I shrug that off. “Would you rather I did 
an oxygen high or went outside without a 
spacesuit? Seems to me that doing my job 


and enjoying it isn’t the worst thing out 
there.” 

“Yes, but you're really hogging the 
slides.’ Now that I’m getting a closer look 
at her, she doesn’t seem so much obsessed 
with the rules as something else. In fact, 
she looks downright pinched, like an oxy- 
gen addict. Oxygen is rationed here on the 
Moon. You have to pay for it and boy, is it 
expensive. The poor (the government likes 
to call them “more frugal”) are chronically 
anoxic. 

She glances towards the slide lying 
innocently on 
the table. 


“What's ... it like?” 
“You havent tried it yet?” 
She shakes her head. “No, I’ve got 

the Lake Baikal project.’ Too bad. That 

water is overloaded with ugly organ- 
isms and pollution — not much fun. “So, 
what's it like?” 

“Blue. Quiet.” 

Her eyes glaze over. Oh, my, Sandra. 
Are you a solitude junkie, too? “That 
sounds ... nice.” 

“Tm not complaining” This is my cue 
to leave. Sandra’s staring at that slide like 
a starving zoo lion at meat, but she’s too 
shy to get acquainted with it until I'm safely 
gone. 

“Anyway, I gotta get home. There’s a 
new holo on tonight and I’m not sure my 
recorder’s working ...” This isa total lie. No 
holo out there can replace that cool blue. 
Still, share and share alike. 

Sandra’ attention is no longer on me; it’s 
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on that slide. So much for worrying about 
my welfare. She’s already sitting down and 
plugging it in as I slip out of the room. 

The main office is a honeycomb of cubi- 
cles inhabited by plugged-in workers who 
look like termite grubs — all oblivious 
to me as I get into the elevator and head 
for the surface living quarters in the city. 
Moon buildings extend down, not up. The 
good thing about working in an office is 
that they circulate the air more regularly, to 
keep our efficiency up. It smells sharp and 
citrusy like air-conditioning chemicals, 
oxygen but not real air. 

Earth is worse. Twenty billion peo- 
ple crawl across its face. Any remaining 
‘wilderness’ hides underneath the ice of 
Antarctica and in the bottom of ocean 
trenches. I came to the Moon because I 
heard there was open space. They don't 
tell you that most of it isn’t habitable, that 
youll end up living in hives. Just like 
home. 

I try to keep a bubble of 
ice-blue water in my head as I 
pass out into the main conduit 
of the city, a highway of peo- 

ple shoving, bumping, pass- 
ing over each other. And the 
smell of stale air... every 
belch, fart, cast-off skin 
flake, perfume, deodor- 
ant and hair oil. 
I last about five minutes. 
Back in the lab, Sandra is 
deep in Lake Vostok, eyes closed, 
head leaning back against her chair. We 
don’t usually do it, except for team jobs, 
but you can ‘share’ a chip. I pull out the 
extra headset and plug in. Sandra won't 
like the intrusion, but she'll get over it. I 
need me some ice. 

The water in the lake isn’t water, exactly 
— more like fluid ice, warmed by the 
weight of two miles of continental ice sheet 
and geothermal heat from Earth’s mantle. I 
oscillate to increase my bioluminescence. 
In the distance, I sense another organism, 
its pseudopod probing the icy lake ceiling. 
It senses me as well. Pausing, the organism 
waves its pseudopod at me in a human ges- 
ture no one-celled organism would make 
— Sandra. I wave back. 

We go in opposite directions in the 
dark. a 
Paula Stiles has sold SF, fantasy and 
horror stories to Strange Horizons and 
Writers of the Future among others. Her 
online home is www.geocities.com/rpcv. 
geo/other.html. 
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